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Abstract of the study 
 
Metakaolin made from kaolin is used around the world but rarely in Vietnam where abundant 
deposits of kaolin is found. The first studies of producing metakaolin were conducted with high 
quality Vietnamese kaolins. The results showed the potential to produce metakaolin, and its 
effect has on strength development of mortars and concretes. However, utilisation of a low 
quality kaolin for producing Vietnamese metakaolin has not been studied so far.  
The objectives of this study were to produce a good quality metakaolin made from low quality 
Vietnamese kaolin and to facilitate the utilisation of Vietnamese metakaolin in composite 
cements.  
In order to reach such goals, the optimal thermal conversion of Vietnamese kaolin into 
metakaolin was carried out by many investigations, and as such the optimal conversion is found 
using the analysis results of DSC/TGA, XRD and CSI. During the calcination in a range of 500 – 
800 oC lasting for 1 – 5 hours, the characterisation of calcinated kaolin was also monitored for 
mass loss, BET surface, PSD, density as well as the presence of the residual water. It is found to 
have a well correlation between residual water and BET surface.  
The pozzolanic activity of metakaolin was tested by various methods regarding to the saturated 
lime method, mCh and TGA-CaO method. The results of the study showed which method is the 
most suitable one to characterise the real activity of metakaolin and can reach the greatest 
agreement with concrete performance. Furthermore, the pozzolanic activity results tested using 
methods were also analysed and compared to each other with respect to the BET surface. 
The properties of Vietnam metakaolin was established using investigations on water demand, 
setting time, spread-flowability, and strength. It is concluded that depending on the intended use 
of composite cement and weather conditions of cure, each Vietnamese metakaolin can be used 
appropriately to produce (1) a composite cement with a low water demand (2) a high strength of 
composite cement (3) a composite cement that aims to reduce CO2 emissions and to improve 
economics of cement products (4) a high performance mortar. 
The durability of metakaolin mortar was tested to find the needed metakaolin content against 
ASR, sulfat and sulfuric acid attacks successfully.  
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1. Introduction 
The reduction of CO2 emissions in the cement industry is currently one of the most important 
tasks. Replacement of cement clinker by using SCM such as metakaolin to reduce CO2 is an 
effective method that is well-known in the world. 
Kaolin quality is influenced by different mineral compositions it contains, which in turn affects 
its color. As such, the whiteness of kaolin is an important factor when considering its role in the 
ceramic industry. Low quality kaolin, i.e. possessing a low whiteness, is low-cost. High quality 
metakaolin is expensive whereas metakaolin made using low quality kaolin is economical.  
Vietnam has abundant deposits of kaolin with varying amounts of other minerals resulting in 
many different levels of whiteness. The utilisation of a low quality kaolin for producing 
Vietnamese metakaolin has not been studied so far. Furthermore, the addition of Vietnamese 
metakaolin in composite cement and the influence of Vietnamese metakaolin on durability fields 
of concrte have as yet not been considered in details. 
The thermal treatment processs of kaolin to prepare metakaolin is one factor in facilitating the 
production of very high quality (i.e. pozzolanic activity) metakaolin. The pozzolanic activity of 
metakaolin can only be achieved a maximal value during an optimal thermal treatment process. 
A number of investigations for pozzolanic activity are needed to determine the optimal process. 
The pozzolanic activity of metakaolin can be determined by several testing methods. An 
appropriate testing method provides the real value of pozzolanic activity however, which method 
is the most suitable one to show the real pozzolanic activity has as yet not been determined.  
Studying the utilisation of low quality kaolin for manufacturing metakaolin as an additive in 
composite cement will provide some fundamental answers to the following topics:  
Firstly, is low quality Vietnamese kaolin suitable to produce a good quality metakaolin?  
Secondly, which test of pozzolanic activity for metakaolin is most suitable to characterise its real 
activity and to reach the greatest agreement between it and cement performance?  
Thirdly, what are properties of Vietnamese metakaolin as compared to commercial metakaolin?  
Finally, can Vietnamese metakaolin be combined with a highly alkaline clinker, thereby reducing 
the risk of ASR? Whether can composite cement containing Vietnamese metakaolin resist SO42- 
attack coming from the chemical environment (e.g. sea water)? 
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2. Motivation and objectives 
2.1 Motivation 
In Vietnam exacerbated environmental pollution, namely from the release of CO2, is a direct 
result of producing clay brick; which is partly made from low quality kaolin that has abundant 
deposits. The Vietnamese Government issued a decision (567/QD-TTg, 2010) and directive 
(10/CT-TTg, 2012) on the approval of developing a program of non-heating construction 
materials [1, 2]. One of the objectives of this decision was to reduce the use of clay brick which 
has caused 0.57 million tons of CO2 per 1 billion of clay brick to be released into the atmosphere, 
and to replace it by other advanced materials. Therefore, studying a new utilisation method for 
low quality kaolin is essential. 
Previous studies on Vietnamese metakaolin production [3, 4, 5, 6] showed that a high 
temperature treatment (750 - 800 oC) is required to acheive the optimal conversion rate to turn 
kaolin into metakaolin. Thus, an open question is if a lower temperature treatment is sufficient 
for making a good quality Vietnamese metakaolin?  
The influence of Vietnamese metakaolin on durability needs to be considered due to the 
following factors. Firstly, previous studies mainly showed the effect of metakaolin on strength 
[3, 6]. One study about the influence of Mg2SO4 on the strength and mass of mortars has already 
been carried out [7]. Secondly, the clay in the central and southern regions of Vietnam possesses 
a highly alkaline content (3.4–4.4 Wt.-%) [8], which is higher than the threshold value according 
to the Vietnamse standard TCVN 6071:1995 (≤ 3 Wt.-%) for raw clay material in producing 
clinker [9]. This might lead to a reduction of durability in concrete with respect to ASR. Thirdly, 
thanks to a long coastline, which is approximately 3.444 km [10], Vietnam building 
constructions are always faced with an aggressive environment, such as attack from sulfate ions 
(SO42-). Finally, in Vietnam there is a high demand (ca.130 million tons in 2030) for good 
quality cement (resisting corrosions) and the need for greater environmental protection [11]. 
2.2 Objectives 
Objectives of this study were to produce a good quality metakaolin made using low quality 
Vietnamese kaolin and to assess the test methods for pozzolanic activity. The purpose was also 
to discover a successful case using Vietnamese metakaolin in composite cements. As such, 
investigations that examined strength and durability properties of metakaolin were carried out.  
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3. Literature review 
The utilisation of metakaolin as a pozzolanic material for mortar and concrete products has 
received considerable attention in recent years [12]. Many studies on the usage of metakaolin as 
SCM have been carried out, and there were several published reviews as reference documents 
[13, 14, 15, 16, 12, 17]. For this reason, this section provides a short description of the stages of 
production for metakaolin as well as the pozzolanic properties of the produced cementitious 
materials. Since the factors that affect the pozzolanic activity and qualitative characterisation of 
metakaolin have not been considered, they will be analysed in detail in this section.  
3.1 Kaolin and metakaolin 
3.1.1 Kaolin in the world and Vietnamese kaolin 
The term kaolin has three different meanings namely that it is a rock term, kandites, or an 
industrial mineral commodity [15]. The main component of kandites is kaolinite [18, 19], whose 
chemical formula is A12Si2O5(OH)4 which can also be written as A12O3⋅2SiO2⋅2H2O (AS2H2). 
The crystalline structure of kaolinite is classified as a two-layered sheet silicate. One layer 
contains aluminate groups (AlO4(OH)2-octahedrons), and the other contains silicates (SiO4-
tetrahedrons) as seen in Figure 3.1.  
 
 
 
Figure 3.1 Crystal structure of kaolinite, [20] 
 
The adjacent layers are linked by hydrogen bonding involving aluminol (Al–OH) and siloxane 
(Si–O) groups [21]. In well crystallized kaolinite, almost hexagonal platelets have been found by 
transmission electron microscopy [22]. Vietnamese kaolin analysed by SEM (Nova NanoSEM 
230, FEI, Netherlands) showed a hexagonal layer mophology with single nano-size particles and 
coarser agglomerated stacks as seen in Figure 3.2. As seen, particles of hexagonal layer tend to 
re-aggregate and form coarser particles of stacks. Kaolinite possesses a low hardness about 2 – 
2,5 on the Mohs scale [23]. 
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(a) single particles (b) coarser particles 
Figure 3.2 Microstructure of kaolin HTK imaged by SEM-SE imaging technique.  
 
Kaolinite formation is one of clay mineral formations. It is known that, their formation is 
operated by geological environments such as weathering, sedimentary, and diagenetic-
hydrothermal; and their mechanisms are inheritance, neoformation and transformation [24, 25]. 
In addition, due to the characteristic formation of natural kaolinite, a great amount of kaolinite 
can only be found in some countries. Kaolinite can be also synthesized from the dissolution of 
metakaolin in the condition of low pH value, high temperature, and under the equilibrium water 
pressure [26]. 
The chemical and mineralogical compositions of kaolinite rocks (i.e. kaolin in the following) 
vary in some countries as listed in Appendix 13.1. The oxide composition of (Al2O3 + SiO2 + 
Fe2O3) ranges from 75 to 97 Wt.-%. Commonly minerals such as quartz, muscovite and 
orthoclase are found in kaolin. Vietnam has abundant deposits of kaolin that is widely distributed 
over many parts of the territory (see Appendix 13.1). The total reserve of kaolin is approximately 
900 million tons, mainly located in the northeast, the central highlands and the southeast of the 
country [27]. Sixty seven kaolin mines are geologically reconnoitred with 196 million tons of 
metamorphosed sedimentary kaolin and 71 million tons of the heat solution kaolin [28]. The 
whiteness plays an important role for a quality assessment of kaolin and its utilisation. The 
metamorphosed sedimentary kaolin with a whiteness under 70 (e.g, gabbro weathering kaolin) is 
considered as a low quality kaolin that can only be used in manufacturing conventional ceramic 
[29]. The chemical composition of Vietnamese kaolin varies from 55 to 83 Wt.-% of (Al2O3 + 
SiO2 + Fe2O3) as shown in Appendix 13.1. Currently, Vietnamese kaolin is used primarily in 
manufacturing ceramics, refractory and glass materials. Furthermore, a small proportion is used 
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in the paper and paint industries [29,4]. The deposits of high quality kaolin have facilitated the 
development of the glass and ceramic industry in Vietnam for centuries [30]. The idea to use 
kaolinite for manufacturing Vietnamese metakaolin as SCM has only just been addressed in 
recent years. However, Vietnamese metakaolin has as not yet been utilised in composite cement 
and concrete products. 
The quality of kaolin around the world varies as listed in Appendix 13.1. The kaolin for 
producing metakaolin is termed high quality kaolin when it can be transformed into a highly-
reactive metakaolin with the following properties [31, 32]: 
-  A Hunter L whiteness value greater than 90, an average particle size of less than 2 µm and a 
specific gravity of approximately 2.5 g/cm3. 
-  The reported oxide composition (Al2O3 + SiO2 + Fe2O3) is approximately 95 Wt.-%.  
- The resulting anhydrous aluminium/alumino-silicate (Al2O3.2SiO2) is mainly amorphous 
material, which behaves as a highly reactive artificial pozzolan.  
Depending on these definitions, a highly-reactive metakaolin made from a low quality kaolin is 
probably impossible. For example, the whiteness of kaolin is low when muscovite mineral is 
present in kaolin compositions. In fact, muscovite as an impurity is always coexistent together 
with a kaolinite mineral [33]. As muscovite is one of the unwanted minerals in glass and ceramic 
productions because of its various colors (e.g, gray), its presence can be seen as an index of the 
low quality of kaolin. 
Based on the database concerning the quality and quantity of kaolin resources in Vietnam (see 
Appendix 13.1), Lam Dong kaolin, which is abundant source of kaolin has been chosen to be the 
sample for the present study due to the following reasons: (1) The expected resource was 
predicted to be large, i.e. estimated 520 million tons which exceeds other resources in Vietnam. 
(2) The low quality kaolin in Lam Dong has not yet been studied for producing metakaolin in 
Vietnam.  
3.1.2 Metakaolin  
Metakaolin is made from very pure kaolin clay (kaolin with a high content of kaolinite) by low-
temperature calcination up to temperatures of 700 - 800 oC [34]. The transformation of kaolinite 
 - 11 - 
into metakaolinite can be understood in simple terms as the removal of water from kaolinite [35, 
36]:  
AS2H2 → AS2 + 2H (vapour).       Equation 3.1 
Depending on the increase in the heating temperature, the removal stages of H2O- and H2O+/OH- 
are the following [37, 38, 39, 40, 41, 42]: 
(a) 100 – 120 oC: release of moisture and absorbed water (H2O-); 
(b) 120 – 400 oC:  mass loss (H2O- , H2O+/OH-) correlated with a pre-dehydration process 
which takes place as a result of the reorganisation in the octahedral 
layer and first occurring at the OH- group at the surface;  
(c) 400 – 650 oC:  de-hydroxylation of kaolinite and formation of metakaolinite 
according to the reaction: Al2Si2O5(OH)4→Al2Si2O5(OH)xO2–x+(2–
x/2)H2O with a low value of x (about 10% of residual hydroxyl groups 
in metakaolinite); 
(d) 900 – 1000 oC: metakaolinite decomposes and then crystallizes to form mullite or 
cristobalite, or both. 
Metakaolin consists of a non-crystalline aluminosilicate phase (also called a metakaolinite 
mineral or an amorphous phase - AS2) that is obtained from the kaolinite mineral. During the 
calcination of kaolinite (up to 700 - 800 oC), the crystallography of calcinated kaolin is affected 
as follows: 
-  the gradual loss of OH- groups [39, 36]. The majority of these ions are located on the 
interlayer surface of the octahedral sheet of alumina trapped between two sheets of 
silicon tetrahedrons [21]. 
-  the gradual change of octahedral AI-O(OH) layer [43] and the coordination sites of 
Al3+[VI] to Al3+[V] and Al3+[IV] [36, 21]. However, the tetrahedral Si-0 layer (SiO4) of 
kaolinite is remained in metakaolinite [36, 43].  
-  the collapse of kaolinite layers (7.15 Ao, crystalline structure) to become metakaolinite 
(6.3 Ao, amorphous structure) [43]. 
-  the lattice parameters a and b of kaolinite are retained more or less unchanged in 
metakaolin, but c-axis periodicity disappears [43]. 
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(a) 
Natural kaolinite 
Al2O3·2SiO2·2H2O 
[44] 
(b) 
Calcinated kaolinite 
during pre-dehydration 
Al2O3·2SiO2·xH+·yO-2 
(c) 
Calcinated kaolinite 
during de-
hydroxylation 
Al2O3·2SiO2 
(d) 
Calcinated kaolinite 
after de-hydroxylation 
3Al2O3·2SiO2 
[45, 46] 
Figure 3.3 Schematic change of structure of kaolinite during calcination. 
 : Al, : Si, : O, : H 
 
These above changes in calcinated kaolinite are described in Figure 3.3. The crystalline structure 
of natural kaolinite is stable with nine oxygen ions and four hydrogen ions from the octahedral 
sheet of alumina and tetrahedral sheet of silicon (see Figure 3.3.a). In this structure, no cation 
exchange (such as pozzolanic reactions) takes place, but cation adsorption (as swelling on the 
surface) is possible [47]. Pre-dehydration of kaolinite at 400 – 500 oC causes the lose of some 
oxygen hydrogen ions from the octahedral sheet of alumina as a pattern shown in Figure 3.3.b. 
Thus, the pre-dehydrated kaolinite is able to exchange cation ions in pozzolanic reaction. When 
de-hydroxylation is occurred completely (at temperatures between 700 – 800 oC), calcinated 
kaolinite loses two oxygen ions and four hydrogen ions, becoming metakaolinite as described by 
a pattern shown in Figure 3.3.c. Metakaolinite like other pozzolana (e.g, silica fume) is able to 
react strongly with free lime (C) / portlandite (CH)  to form C-S-H, CAH and CASH phases [48, 
49] as seen in Figure 3.4. Calcinated at 950 - 1000oC, metakaolinite decomposes and then 
crystallizes to form mullite (see Figure 3.3.d), which has no pozzolanic activity. 
 
 
Figure 3.4 Calcination of kaolinite and the pozzolanic reactions of calcinated kaolin  
AS2.xH+.yO2- + CH + H → ?CAH/CASH/C-S-H 
AS2 + CH + H → ?CAH/CASH/C-S-H 
                  
Calcination during pre-dehydration 
AS2.H2 
AS2.H2 + CH + H → no pozzolanic reaction 
No calcination 
Calcination during de-hydroxylation 
A3S2 + CH + H → no pozzolanic reaction 
                  
Calcination after de-hydroxylation 
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In summary, kaolinite mineral is not completely transformed into metakaolin during the pre-
dehydration process. At approximately 500 oC, calcinated kaolinite loses most of its crystal 
water (H2O+/OH-), but there are still H2O+/OH- groups in its structure. These remaining 
H2O+/OH- groups are called residual water in structure of calcinated kaolin (metakaolin). A 
complete transformation to remove all of residual water without the formation of mullite is the 
critical step during calcination. Therefore, heating temperature and calcination duration for the 
thermal treatment process have to be optimised. As such, one of the input questions for 
producing metakaolin and its usage as SCM is what minimum heating temperature and minimum 
calcination duration are needed. In this context, it has also another open question if the residual 
water content in metakaolin can reduce its pozzolanic activity significantly and thus can decrease 
its ion consumption capability considerably. 
It can be seen that, during the calcination the collapse of layers [43] could be a reason that leads 
to the reduction in BET surface [37, 50, 51, 52, 53, 54, 55]. The final open question is what the 
role of BET surface in pozzolanic activity of metakaolin is.  
3.2 Pozzolanic activity of metakaolin 
3.2.1 Qualitative classification of metakaolin  
The quality of metakaolin for usage as SCM is mainly assessed by its pozzolanic activity, i.e. the 
reaction capability between metakaolin with free lime / portlandite produced during the cement 
hydration. Three possible alternative chemical reactions between calcium hydroxide and 
aluminosilicate phase (metakaolinite) may take place as follows [56, 57]: 
AS2 + 6CH + 9H -> C4AH13 + 2C-S-H     Equation 3.2 
AS2 + 5CH + 3H -> C3AH6 + 2C-S-H     Equation 3.3 
AS2 + 3CH + 6H -> C2ASH8 + C-S-H     Equation 3.4 
In general, the specification requirements for the quality of pozzolana are normally dependent on 
the standards of EN ISO 3262-9 [58], ASTM C 618 [59]. There is no specification requirement 
for a special metakaolin, except an individual guideline DMS - 4635 from Texas Department of 
Transportation [32]. In fact, the ASTM C 618 standard and the DMS - 4635 guidelines refer to 
the specification requirement of strength activity whereby it has to be more than 75 – 85 % of the 
control sample. This is also the specification requirement in the Vietnamese specification 
standard applied for metakaolin TCVN 6882:2001 [60].  
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The EN ISO 3262-9 standard ignores the specification requirement of strength activity and also 
provides no information about the specification requirements of the capability of consuming 
lime. However, the lime consumption capability according to EN DIN 196-5 is required, 
whereby the CaO concentration and the OH- concentration have to create a date point that is 
satisfied by EN DIN 196-5. It can be seen in Table 3.1 that, most experimental tests for the 
qualitative classification of metakaolin are dependent on both strength activity and lime 
consumption.  
 
Table 3.1 The needed conditions for testing methods of pozzolanic activity. 
 
Direct testing methods 
(The analysis of lime consumption) 
Indirect testing 
methods 
(The analysis of 
strength activity) 
 Saturated lime 
method (g) 
mCh 
(g) 
EN DIN 
196-5 (g) 
TGA-CaO 
method 
(Wt.-%) 
Lime 
activity 
(Wt.-%) 
CSI 
(Wt.-%) 
Cement  - - 16 75-90  - 80 
Metakaolin 
 
1-2 1 4 10-25 
or 50+  
50-70 20 
CaO or 
Ca(OH)2  
- 1-2  - or 50+  50 - 
Sand  - - - - - 2.75-3 
Water 
 
75-100++  100-200  100  - - - 
w/b - - - 0.5-0.55 
or 0.9-1+ 
0.75-1.25 0.48-0.6 
Test age 7 - 30 days 16 hours 7-15 days 2 - 28 days 28 days 
Cure at room 
temperature  
or 40 oC 
90-100 oC 40 oC 20-60 oC: 
airtight 
condition 
24 h: 20-23 oC in mould  
Other days: 20-38-40 oC 
in water/airtight 
condition 
Literature [61, 62, 63, 64] 
 
[65, 66, 38, 
67, 68, 69] 
[62, 70] [71, 67, 
52, 72, 73, 
61] 
[74, 56, 
75, 76, 
65, 67, 
52, 77, 
78] 
[51, 74, 
38, 61, 50, 
62, 79, 80, 
81] 
+
 CaO or Ca(OH)2 is replaced for cement in TGA test. ++ saturated lime solution 
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3.2.2 Testing methods for pozzolanic activity of metakaolin 
In generally, there are two main groups for testing method to determine the pozzolanic activity of 
metakaolin as seen in Figure 3.5.  
 
 
Figure 3.5 A summary of test methods for the pozzolanic activity of metakaolin.  
 
The first group is to measure the consumption capability of free lime (CaO) and is called a direct 
test because it depends on the amount of free lime reacting directly with metakaolinite. The 
quantity of lime consumption is calculated from the remaining CaO amount, which is assessed 
by different ways for testing methods. In the saturated lime method, the remaining CaO amount 
in solution is determined using the indicator paper for analysis. ICP-OES is used for determing 
the quality of remaining Ca2+ content in solution for mCh and EN DIN 196-5. The quantity of 
remaining CaO amount in pastes is calculated from the endothermic peak (characteristic peak of 
portlandite) in TGA-CaO method. The needed conditions for testing methods are different too. 
The pozzolanic reaction of the saturated lime method and mCh is investigated by combining 
metakaolin and CaO or Ca(OH)2. These reactions are investigated with pure phases, i.e. without 
the presence of other cement constituents. The reaction temperature of mCh is unrealistically 
high (90 - 100 oC). The pozzolanic reactions according to TGA-CaO method and EN DIN 196-5 
are performed by mixing cement and metakaolin. However, the reaction temperature required in 
EN DIN 196-5 is higher (40 oC) than that in TGA-CaO method (20 oC). In conclusion, the 
pozzolanic activity results from the saturated lime method, mCh and EN DIN 196-5 provide no 
information regarding realistic reactions, which take place between metakaolin and cement. On 
the other hand, the pozzolanic activity result from TGA-CaO method produces realistic reaction 
information. 
Pozzolanic activity 
Strength activity 
Direct test 
Indirect test 
CSI 
The lime activity method 
Lime consumption 
EN DIN 196-5 
TGA-CaO method 
mCh 
The saturated lime method 
First group 
Second group 
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The second group aims to measure the relative compressive strength. This group is called an 
indirect test because it depends on the formation of hydration products (CAH, CASH and C-S-H) 
and the filler effect, which contribute to the increase in compressive strength (strength activity). 
The indirect test includes the lime activity method and CSI. The lime activity method 
characterises the pozzolanic activity of metakaolin under unreal reaction conditions between 
metakaolin and Ca(OH)2 or CaO, while real reaction conditions between metakaolin and cement 
takes place in CSI. It is used to measure the relative compressive strength of metakaolin mortar 
bars in comparison with the control mortar bars. For these reasons, CSI is considered to be the 
reference test method in comparison with other direct testing methods [62]. 
It should be noted that in fact, the strength activity is a popular test as a reference test method in 
comparison with the direct test. This is due to a very good agreement between strength activity 
test and the performance of the cement and concrete products in application. Furthermore, the 
lime consumption value of metakaolin reflects a part of strength activity by showing an increased 
density structure due to its filler effect and pozzolanic activity that can form C-S-H, CAH and 
CASH phases. As such, the effect of lime consumption is an overall contribution of strength 
activity. Therefore, CSI should be used to assess the quality of metakaolin after the calcination.  
A variable w/b for the control and pozzolanic mortars can be a reason for the unsuitable 
performance in concrete of ASTM C618, as strength activity defined by ASTM C311 is not a 
suitable indicator for pozzolanic activity [82]. For this reason, a constant w/b for the control and 
metakaolin mortars as EN DIN 196-1 should be chosen for CSI.  
3.3 Factors affecting the pozzolanic activity of metakaolin 
3.3.1 Mineralogical compositions of kaolin 
The pozzolanic activity of metakaolin is mainly affected by its amorphous phase content. Quality 
and quantity of amorphous phase depend on not only the thermal treatment process but also on 
the mineralogical composition of raw material. A higher kaolinite content of kaolin results 
normally in a higher amorphous phase content of metakaolin. Calcinated kaolin that contains less 
amorphous phase possesses a lower pozzolanic activity [75]. It has been shown that the strength 
activity of mortars depends significantly on amorphous phase content as well as the degree of de-
hydroxylation of calcinated kaolin [74]. The compressive strength of mortars containing 
calcinated kaolin, which has a higher kaolinite mineral content, is higher than of that having a 
lower kaolinite mineral content [83, 84, 85]. There has also been a tendency of the strength 
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activity to increase with the content of amorphous phase, until the content of amorphous phase of 
about 85 Wt.-% is achieved [51]. 
It is noted that, the quality of a poorer crystallization state (not well-ordered kaolinite) results in a 
higher lime activity for metakaolin [75, 66]. So, a quality comparison of different kaolins that is 
only based on its mineral content is not accurate. As such, it also needs to take into account the 
kind of pozzolanic activity (strength activity or free lime reaction) and other properties 
influencing pozzolanic activity such as BET surface. For example, there has been close 
correlation between strength activity of mortars and particle size distribution of de-hydroxylated 
clays [86]. 
Normally kaolin contains not only kaolinite but also other minerals. Their presences as 
impurities certainly lead to a lower pozzolanic activity of calcinated kaolin. Montmorillonite and 
illite contents in calcinated kaolin lead to its lower strength activity, and muscovite has very little 
effect on strength activity of calcinated kaolin [87]. Montmorillonite as OMMT (organo-
modified montmorillonite) can also improve the strengths of cement mortars [88]. Despite this, 
illite and quartz (< 30 Wt.-%) do not prevent the geo-polymerization reaction [89]. 
3.3.2 BET surface of kaolin and metakaolin 
The fineness (<500 µm) of kaolin is no matter what kaolin is transformed in to metakaolin, while 
BET surafce of metakaolin profoundly influences its strength activity in the early stages. With 
the residue at 500 µm of 0 – 71.8 Wt.-%, the particle size of kaolin does not affect the thermal 
conversion of kaolin to metakaolin as well as the strength activity of metakaolin [90]. BET 
surface of metakaolin has also been shown to influence the early hydration behaviour of cement 
hydration, i.e. higher BET surface metakaolin (25.4 BET m2/g) produces a greater rate of heat 
evolution, a higher cumulative hydration heat, and the greater intensities during early hydration 
of cement pastes than lower BET surface metakaolin (11.1 BET m2/g) [91]. The strength of 
mortar, made of different metakaolins with similar chemical compositions but different BET 
surfaces in the range of 13 - 20 BET m2/g, is investigated in [70]. The results show that a higher 
BET surface of metakaolin gives a faster development of mortar strength on day 7 and 28 of the 
hydration process. Dealuminated kaolin (90.5 m2/g) exhibits a much higher lime activity than 
silica fume (18.6 m2/g), especially during early hydration [92]. Hence, it can be concluded that 
BET surface of metakaolin is an important factor for the pozzolanic activity up to 28 days. In 
addition, metakaolin with the finer PSD has better lime activity as shown in [93]. 
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BET surface of metakaolin influences the absorption capability of cation during pozzolanic 
reactions. As commonly known, specific surface areas influence the reaction rate of solids in a 
solution [94]. A higher BET surface leads to a decreased pozzolanic reaction rate per one area 
ratio, but to an increased pozzolanic reaction amount, i.e. a higher lime consumption for 
metakaolin. Studies of the effectiveness of BET surfaces on strength show that, a lower BET 
metakaolin surface gives a lower strength [95, 70, 96]. However, after day 90 the deviation is 
limited [70]. 
3.3.3 Calcinations of kaolin 
The calcination of kaolin is a thermal treatment process to remove its water. The water removal 
can be influenced by alkali contents of kaolin [97]. Metakaolin can be manufactured by three 
different processes. The first process is the conventional calcination-process which takes minutes 
[57] or several hours [98, 99]. The second process is the rapid calcination-process where the fine 
kaolin is treated by a flash – calciner for a matter of a few seconds [65]. Finally, metakaolin can 
be produced by a thermal treatment at a low heating temperature over several days within a 
highly pressured environment [100]. Generally, metakaolin is produced by the conventional 
calcination-process. In the following paragraphs, the effects of the conventional calcination-
process will be reviewed. 
The process of removing the water from kaolin is assessed by a de-hydroxylation degree (DTG), 
which is calculated according to the Equations 3.5+6 [74, 52, 101] and illustrated in Figure 3.6. 
Depending on the value of DTG, three regions of phase transformation can clearly be 
distinguished as follows [101]: the de-hydroxylation region (DTG <0.9), the metakaolinite region 
(0.9< DTG <1) and the “mullite/spinel” region (DTG =1).  
DTG = 1 – (M/Mmax)       Equation 3.5 
Or DTG = (SK-SMK)/SK      Equation 3.6 
Where:  
DTG: the dehydroxylation degree (in TG analysis) 
M and Mmax are the residual and maximum mass loss, 
SK: area of the endothermic peak corresponding to the de-hydroxylation of kaolinite 
SMK: area of the residual peak of remaining kaolinite in metakaolin. 
 - 19 - 
80
90
100
0 500 1000
T emperature [oC]
M
as
s 
lo
ss
 
[%
]  
.
Kaolin
Calcinated kaolin
Μ
Mmax
 
-2
1
4
0 500 1000
Temperature [oC]
H
ea
t f
lo
w
 
[W
/g
]  
.
Kaolin
Calcinated kaolin
↑ Exothermic peak
↓ Endothermic peak
SK
SM
 
(a) illustration for Equation 3.5 (b) illustration for Equation 3.6 
Figure 3.6 Illustration for the calculation of Equations 3.5+6 
 
In some respects the amorphous phase content can also assess the quality of metakaolin, and both 
DTG and the amorphous phase content are influenced by the thermal treatment process.  
During the calcination, the amorphous phase content increases strongly when the temperature 
reaches the de-hydroxylation temperature. However beyond this temperature, amorphous phase 
content seems to remain constant. In addition, evidence of a correlation between the pozzolanic 
activity and DTG of metakaolin could not be obtained [65, 52]. However, with a DTG of more than 
0.95 the highest strength activity is achieved [52]. The DTG and the strength activity (tested by 
the lime activity method, see Table 3.1) of kaolin in dependence of calcination temperature are 
shown in Table 3.2. 
Table 3.2 DTG and strength activity of kaolin v.s calcination temperature [65, 74, 52] 
 Temperature of the calcination [oC] 
 20-400 550 600 700 800 950 
De-hydroxylation, α [-] < 0.18 0.68-1 0.89-1 0.95-1 0.97-1 - 
Strength activity [MPa] - 7.8-12.5 9.8-12.5 10.8-11.5 10.2-11.9 #0 
#0 it is not solidified 
A change in coordination sites for Al3+[VI] to Al3+[V] and Al3+[IV] [36, 21] takes place during the 
calcination. It has been assumed that the maximum activity for metakaolin is obtained by 
producing a maximum concentration of Al3+[IV] and Al3+[V] and a minimum concentration of 
Al3+[VI]
 
[102]. 
S K 
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The calcination duration and energy consumption during calcination are influenced by the 
heating rate and calcination pressure. The rise of the heating rate increases the temperature of 
occurrences of de-hydroxylation endothermic-peaks [103, 39] and re-crystallization exothermic-
peaks [104]. An increase in pressure (PH2O < Ptotal) results in a reduction in the de-hydroxylation 
peak width [105]. It can be seen that, fast heating rates as well as a rise in the pressure allows the 
de-hydroxylation process (calcination) to come to completion more rapidly. Depending on the 
calculation of thermochemical constants [106, 107], the rise in heating temperature in addition to 
fast heating rates is also accompanied by the absorption of a smaller amount of energy [103].  
The calcination time and amount of heating energy required is influenced by the grinding process 
of kaolin. The endothermic DTA effects (associated with de-hydroxylation) shift to lower 
temperatures and decrease in intensity as grinding time increases [108, 109]. The effect of 
grinding for kaolin causes its increase in the amount of absorbed/coordinated water [109]. As 
such, the calcination duration and amount of heat energy is reduced with increased grinding time. 
3.3.4 Activators of metakaolin 
There are three methods for accelerating pozzolanic activity of metakaolin; the mechanical 
method, the thermal method and the chemical method.  
The mechanical method involves a process of prolonged grinding [109, 110, 108, 111] to 
decrease the particle size and increase the disorder degree in amorphous phase content of 
metakaolinite. The disorder degree of amorphous phase content of metakaolinite increases with 
its grinding time, although metakaolinite is never entirely amorphous and has a degree of 
disorder (which varies with the conditions of preparation) [111]. Mechanical activator (increased 
surface) shows an acceleration of the pozzolanic reaction that occurs during the first 3 days, and 
the finer natural pozzolan (291 – 554 Blain m2/g) produces a higher strength development of 
lime–pozzolan cements [112].  
The thermal method is an elevated temperature cure over a room temperature (20 - 25 oC). The 
increase in temperature (up to 40 - 60 oC) promotes a rapid occurrence of pozzolanic reactions, 
which lead to the early formation of hydration products in the system of cement and lime pastes. 
This will be analysed in detail in the next section 3.4.1+3.4.2.  
The chemical method is the use of chemical additions such as KOH, NaOH, Na2SO4, CaCl2, and 
so on to promote of pozzolanic reactions from metakaolin [113, 114, 115, 116, 117, 118, 119, 
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120, 121, 122, 123]. Depending on the [Si]/[Ca] mol ratio in the mixture, the dosage of chemical 
activators and their kind are chosen to increase the pozzolanic reaction rate of metakaolin and 
strength development of metakaolin products.  
Compared to the mechanical and thermal methods with respect to the cost per unit strength 
development, chemical activation is the most efficient and feasible method for the activation of 
natural pozzolans [112, 124]. 
Additionally, the alkali content (Na2Oeq) of cement influences the pozzolanic activity of 
metakaolin. It is well-known that alkalis content affects the stability of ettringite and the 
hydration process of C3A and C3S as well as the microstructure of cement during the hydration 
process. This in turn affects CH amount present in aqueous phase [125], which activates 
metakaolin. This indicates that a higher alkali content of cement, more and quicker CH is created 
in aqueous phase. As such, the pozzolanic reaction of metakaolin takes place quicker.  
3.4 Influence of metakaolin on the properties of normally cementitious materials 
The presence of metakaolin in normal products of mortar and concrete affects the hydration 
process. The formation of various hydration products from pozzolanic reaction occurs and leads 
to positive changes in the microstructure. This in turn modifies mechanical and chemical 
properties such as strength and durability.  
3.4.1 Hydration products in composite cement 
The main hydration products of cement pastes containing metakaolin are C-S-H phases, 
stratlingite (C2ASH8) and C4AHx (e.g. x = 13, 6) [48, 49]. Depending on the w/b ratio, the 
temperature and duration of cures as well as the used levels of metakaolin, hydration products are 
formed at different times in various quantity.  
Stratlingite C2ASH8 is first formed by a reaction between CH (from cement) and metakaolin in 
suspensions at an ordinary temperature. After that, depending on the components and cure 
conditions, C-S-H phases, hydrogarnet (C3AH6), and C4AHx will be yielded [48]. With w/b 
ratios between 0.28 - 0.34, cure in water at 20 °C, C4AH13 is not detected before 180 days, 
except C2ASH8 [49]. At increased w/b ratio up to 0.55 and the cure condition of 100% RH, 
hydration products are formed between day 3 - 7 for C2ASH8 and by days 180 – 360 for C4AH13 
[126]. However, when the cure temperature is 60 °C and the cure is under water for 123 days, no 
evidence of the formation of C4AH13 and C3AH6 (traces) is found, and C2ASH8 does not appear 
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as a crystalline phase [127]. The speed rate of ettringite formation from Al2O3 of metakaolin is 
faster than that from C3A and C4AF of cement clinker at the temperature of 20 oC [128]. 
The increased formation of hydration products raises the lime consumption. Thoroughly by the 
use of microwave treatment, the complete lime-consumption is achieved for levels of 15 Wt.-% 
metakaolin [129]. This concludes that, a rapid generation of heat inside the cement paste 
accelerates not only the pozzolanic reaction but also the lime consumption capability of 
metakaolin.   
In the system of cement, the content of SO42- and Al(OH)4- influences the formation of ettringite 
and mono-sulfate. It is known that mono-sulfate is created when less SO42- content is present in 
solution, whereas more SO42- content in solution is a favor of ettringite formation instead of 
mono-sulfate [130]. Metakaolin could influence the formation of ettringite and mono-sulfate in 
the system of cement - metakaolin. In that, the high content of Al3+ in metakaolin can lead to 
decrease the mol ratio of sulfate to aluminum, which creats a favor of mono-sulfate formation. 
3.4.2 Hydration products in lime system 
The formation of hydration products at the metakaolin to lime ratios of 1:0.4-6 was investigated 
in [131, 132, 126, 133, 127, 73, 134]. Results showed that, an increase in temperature quickly 
promotes the occurrence of pozzolanic reactions and the formation of hydration products as 
follows:  
- at 20 °C: C-S-H phases (after 2 days), C2ASH8 and C4AH13 (after 9 days), C3AH6 (after 360 
days), and CH traces depended on the metakaolin lime ratios. 
- at 55 °C: C2ASH8, C3AH6, C4AH13, and traces of C-S-H phases.  
- at 60 °C: C-S-H phases (after 6 hours), C2ASH8 and C4AH13 (after 12 hours), C3AH6 (after 21 
hours). The coexistence of metastable and stable phases is up to 60 months.   
3.4.3 Microstructure in metakaolin-cement pastes  
The structure of concrete includes a frame structure of coarse particles (aggregates and sands) 
and a micro-structural development of cement paste which always contains pores. They are 
capillary pores and gel pores (also called the interlayer space or collapsible interlayer structure in 
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C-S-H) in hydrated cement paste [48]). During the mixing process, air pores (from tens µm to 
mm in size [135, 130, 136]) and compacting pores (radii>1mm, [130]) are added into the 
structure. During hydration , shrinkage-pores (also called the extremely fine pores, 10 nm in size, 
[130, 136]) and hollow shell pores (also called hadley grains, 3 - 15 µm [137, 136]) are formed in 
the microstructure. The volume of hollow shell pores and total pores are decreased, but the 
volume of gel pores increases during hydration process. 
When a certain percentage of cement is replaced by metakaolin, a continuous reduction in total 
pore volume with age takes place. The proportion of pores with radii smaller than 10-20nm 
increases, whilst the proportion of large pores (radii bigger than 0.02 mm) in the paste decreases 
[138, 72]. This is called a feature refining microstructure or filler effect. In comparison with 
silica fume used in UHPC, the microstructural refining feature of metakaolin is better [139]. The 
ultrafine metakaolin (20 Wt.-%, 8600 m2/kg) substantially enhances the pore structure of the 
concretes and reduces the content of more harmful large pores [140]. 
3.4.4 Strength of metakaolin products from mortar and concrete  
Metakaolin improves the compressive strength of mortar and concrete. This is due to the removal 
of portlandite by pozzolanic reactions, especially around 14 day mark [141, 142]. To obtain the 
greatest  strength, the optimum replacement level of cement by metakaolin in mortar at the w/b 
of 0.40 - 0.50 is 10 - 15 Wt.-% [141, 143], while the optimum replacement level in concrete at 
the w/b of 0.25 - 0.5 is about 10 - 20 Wt.-% [142, 70, 144, 145, 146, 147, 148, 149].  
3.4.5 Durability of metakaolin products from mortar and concrete 
A significant problem in concrete durability is ASR caused by a reaction between a highly 
alkaline cement paste and reactive aggregates [150]. There are three conditions required for ASR 
to occur: (1) a sufficiently high alkali content of the cement (or alkali from other sources), (2) 
reactive aggregates, and (3) water (to allow cement to be reacted, creating CH). If all the three 
conditions are present, alkali-silica gel will be formed in four steps as follows [151, 152]: 
1. The reaction between the hydroxyl ions (OH-) in the pore solution and reactive silica in 
the aggregate to form a silica gel (Si2O⋅OH-) ; 
2. The alkalis contribute initially to the high concentration of hydroxyl ions in solution and 
later to the formation of an alkali-silica gel from the silica gel ((Na2K2) ⋅Si2O⋅nH2O ); 
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3. Calcium ions from cement then react with the alkali-silica gel to convert it to hard 
expansive calcium silicate hydrate ((CaNa2K2) ⋅Si2O⋅nH2O ). 
4. The expansive pressure generated by these above reactions induces the cracking of the 
aggregate and surrounding concrete, which causes the deterioration of concrete. 
Increased metakaolin content reduces the CH content, absorbs alkali ions and refines the pore 
structure due to pozzolanic reactions. These three factors are considered to be the principal 
factors affecting improvement in alkali silica reaction (ASR). The investigation of ASR was 
mainly performed by a high-activity metakaolin (as defined in section 3.1.1), which showed that 
expansion of mortar bars and concrete prisms is reduced with increasing levels of the high-
activity metakaolin [31, 153, 154].   
Another problem with durability of concrete is sulfate attack (external and/or internal attacks, 
sulfuric acid attack). This is due to the penetration of sulfates in solution or a source of sulfate 
incorporated into concrete. As a result, hydration products with volume expansion (mono-sulfate, 
delayed ettringite formation, gypsum) and destroying C-S-H phases (thaumasite) are formed [48, 
155, 156]. Ettringite and gypsun cause an expansion that leads to a loss of concrete strength. The 
softening phenomenon on concrete is often caused by formation of thaumasite, which its 
appearance is considered as a deterioration product destroying C-S-H phases [156]. Sulfate 
attack is controlled by the concentration of SO42-, alkali (in solution outside the concrete or pore 
solution inside the concrete), and the mount of C3A and C3S in cement. In the aggressive 
chemical environment of a Na2SO4 solution, at low metakaolin contents (0 - 10 Wt.-%), the 
expansion of the mortar bars is controlled by the amount of C3A available to react to form an 
expansive product [157]. At a high metakaolin content (15-25 Wt.-%) CH availability becomes 
restricted, and the expansion is very much smaller [157]. Other aggressive chemical 
environments in tests simulating sulfate and acid attacks on metakaolin are investigated for 
sodium sulfate (Na2SO4), sulfuric acid (H2SO4), a mixture of sodium sulfate (Na2SO4) and 
magnesium sulfate (MgSO4), and magnesium sulfate (MgSO4). The results show an increase of 
the chemical resistance in the mortar and concrete products containing metakaolin in comparison 
with products contaning pure cement [145, 158, 159, 160, 161]. Furthermore it is observed that, 
the increase in the w/b (0.4-0.6) results in a lower sulfate resistance at a normal temperature cure 
(20 – 23 oC) [159] and at a low temperature cure (5 oC) [158]. This could be due to the formation 
on thaumasite, which is believed to form partly under low temperature conditions [162, 163, 
164].         
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3.4.6 Workability of metakaolin-cement paste and metakaolin concrete 
The workability of a mixture depends on its setting time and flow properties. A good workability 
is needed to provide a good comfort for the building industry (enough time for performance – 
setting time, and easy performance in applications – flow properties). Studies have shown that 
BET surface of metakaolin plays a significant role in setting time. The initial and final setting 
times are reduced with the increase of BET surface in metakaolin (11.1 - 25.4 m2/g) [95, 165]. 
Metakaolin tends to increase the water demand of composite cement containing it, as such it 
decreases workability of mortars when compared to Portland cement mortars. The necessary 
superplasticizer dosage to achieve the target slump in concrete increases with the increase of 
BET surface of metakaolin, indicating that concrete workability reduces with increasing BET 
surface [95]. This is a disadvantage property of metakaolin due to its high BET surface that also 
leads to the increase in water demand content [166]. 
The flow properties of concrete are controlled by the particle size distribution (PSD) and the 
particle packing of metakaolin and cement. The finer PSD shows the higher deformation 
coefficient derived by the spread-flow [167, 168].  
3.4.7 Other effects on metakaolin products of mortar and concrete 
An increased metakaolin content refines the pore structure and reduces the CH content in mortar 
and concrete products. These two factors, refined pore structure and reduced CH, are considered 
to be the principal factors improving the resistance to chloride permeability [169, 31, 170, 147, 
148, 171, 172]. An increase in chloride binding capacity has been observed for metakaolin-
blended cement paste samples [173]. Other advantaged roles of metakaolin are the resistance to 
freezing and thawing cycles [148]; factors increasing microhardness of the interfacial transition 
zones in concrete [174, 170] and improving corrosion performance for embedded steel (at 15 
Wt.-% metakaolin used) [143]. When a part of cement is replaced by metakaolin, it mitigates 
autogenous volume changes [175, 176, 177].  
Mortars containing metakaolin result in a slight heat increase of the hydration process when 
compared to a 100% Portland cement mortar. This is due to the high pozzolanic activity of 
metakaolin [178]. Metakaolin initially (< 1 hour) diminished hydration heat of cement hydration 
[179, 93]. However, at extended periods (up to 120 hours) mortars and binary blends containing 
metakaolin produced a slight heat increase when referred to a 100% Portland cement [178, 179]. 
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3.5 The use of metakaolin in other special fields   
3.5.1 Metakaolin in HPC and UHPC 
In recent years, a great deal of research and development into the methods of producing HPC and 
UHPC is carried out [180]. The addition of metakaolin as SCM that is repalced for silica fume or 
rice husk ash in HPC and UHPC is possible [149, 139, 161]. It is noted that, silica fume is 
essentially a cheap waste material. However, the high cost of silica fume is caused by its a 
greater demand as well as due to high transportation costs (high voulme of powder). As 
compared to silica fume, metakaolin is not too expensive and its available deposite as well as its 
most common advantage of high whiteness. Additionally, as compared to rice husk ash, the 
industrial implementations of metakaolin is more possible than that of rice husk ash due to its 
concentration in deposite and its production in combination with the production of clinker. For 
these reasons, the use of metakaolin for the application in HPC and UHPC is currently highly 
desirable. 
The usage of high quality metakaolin is suitable for producing UHPC and HPC due to its very 
good filling capacity and its excellent property of pozzolanic activity. A good or normal quality 
metakaolin is suitable to be used as SCM in HPC and normal concrete due to its usage in high 
volume with low cost.    
In order to gain an optimal strength for UHPC, silica fume is often used as SCM because of its 
filler effect and good pozzolanic activity. In comparison with silica fume, the pozzolanic activity 
(as lime consumption tested by TGA) of metakaolin is similar to that of silica fume [70, 139], 
but its physical filler effect (due to its very small particle size of 5 - 50nm, i.e. 100 times smaller 
than Portland cement) is better than metakaolin’s (4 – 10 µm) [168, 50, 181, 182]. However, 
previous results confirmed that metakaolin constitutes a promising material as a substitute for 
silica fume because it is more cost than metakaolin [148].  
Previous studies have made comparisons between silica fume and metakaolin in their application 
in mortar and concrete products. After 90 days, the compressive strength of metakaolin concretes 
(10 Wt.-% metakaolin) reaches 134 MPa, which is higher than that of silica fume concrete (10 
Wt.-% silica fume, 120 MPa) [144, 147]. A similar compressive strength after 180 days in 
metakaolin mortars and silica fume mortars has also been examined [70]. Split tensile strength 
and flexural strength of metakaolin concrete increases with curing ages [148]. In UHPC 
containing metakaolin, the compressive strength can be as high as 192 MPa (without cure) and 
243 MPa (at 150 oC cure), and the flexural strength can obtain 30 MPa and 42 MPa, respectively 
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[149]. Dealuminated kaolin (produced by the ferric aluminum sulfate industry) gains strength 
more rapidly (blended pastes) than silica fume due to the high rate of pozzolanic reaction [183]. 
As such, it can be shown that concrete using metakaolin in compositions can achieve, at least, a 
similar strength to that of concrete containing silica fume.  
3.5.2 Metakaolin in geopolymer 
Metakaolin is usually used within mortar and concrete products. However, a geo-polymer binder 
is also synthesized by the alkali activation of metakaolin. A number of studies have been carried 
out, indicating that in the future use of geo-polymer products made by metakaolin will be within  
the building construction industry [89, 114, 184, 185, 186, 187].  
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4. Methods 
4.1 Chemical and mineral characterisation  
4.1.1 Inductively coupled plasma optical emission spectrometry (ICP-OES) 
All oxide compositions of dry powder materials and ion concentrations of solutions are 
determined by ICP-OES analysis (argon-plasma from the spectrometer of Perkin-Elmer, Optima 
3000). The pH value is measured by a glass electrode.  
4.1.2 X-ray powder diffraction (XRD)  
Samples for XRD were finely ground by hand with a mortar and pestle of corundum until all 
particles are passed the 63 µm sieve. For cement paste samples at early ages (a few hours - 2 days 
of the hydration process), before grinding, the coarse sample (≈< 5 mm) was rinsed with 
isopropanol and acetone to stop the hydration process. The coarse sample was dried at 35 oC for 
at least 2 hours. For cement paste samples at later ages, in order to stop the hydration process, 
samples were quickly ground by hand with a mortar and pestle of corundum after samples were 
taken out of their curing place.  
Approximate 1 g of the ground sample was placed in a polyethylene sample holder for 
determining phases. The X-ray diffractometer (Siemens, D-5000) operates with Cu–Kα radiation. 
Diffractograms are recorded from 4 to 70° 2θ (0.03o step size, 4s counting time).  
In order to quantify X-ray amorphous phases, ZnO (20 Wt.-%, 0.4 g) was added in samples (80 
Wt.-%, 1.6 g) as an internal standard. This blended powder is ground by a Mcrone-Micronising 
mill (Frequency 50 Hz) for two minutes before placed in a polyethylene sample holder. The 
quantitative phase analysis was calculated with the Rietveld software package TOPAS 4.2 
(XRD-Rietveld).  
4.2 Physical characterisation 
4.2.1 BET surface, PSD and density 
Before analysed, samples were dried in an oven at 105 ± 2 oC up to constant mass and then 
cooled down to the room temperature in an exsiccator. The SSA-BET surface was determined by 
the single point BET method via nitrogen adsorption/desorption at 20 oC. This method, when 
compared to the Blaine test, gives a better indication of the true surface area of the material. 
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Moreover, it is especially valuable for revealing the large internal pore structure of some 
pozzolans [188]. The specific surface area can be computed by using the calculation from 
particle size distribution (PSD). This surface called a PSD surface, in that the calculation 
assumes a sphere shape of particle.    
PSD was performed by particle-size-analyse laser diffraction particle size analyzer (COULTER 
LS 230 with PIDS), 80 % ultrasound, in water for kaolin and calcinated kaolin and in 
isopropanol for cement.  
The density of metakaolin was measured by pycnometer (Micromeritics Accupyc 1330).  
4.2.2 Differential Scanning Calorimetry / ThermoGravimetric (DSC/TG) 
In order to investigate the conversion of kaolinite into metakaolinite, Differential Scanning 
Calorimetry/ Thermo Gravimetric Analysis analysis (DSC/TG) investigations were carried out by 
using a Universal V4.5ATA instrument at a heating rate of 10 oC / min. The samples (~ 20 mg, < 
63 µm) were heated from ambient temperature to 1000oC in N2 air flow of 100 ml/min. The 
amount of residual water, as the peak of dissipation mass analysed by DSC/DTA, was 
determined by the intensity height of peak (%.oC-1). 
4.2.3 Scanning Electron Microscop (SEM)  
The microstructure was observed by a scanning electron microscope (SEM) including secondary 
electrons (SE) (Nova NanoSEM 230, FEI, Netherlands and Philips, XL 30 SEM-FEG). 
Operating conditions were set to 1–25 kV and 1–10 Torr. Before SEM analysis, the samples 
were obtained from lime paste, cement paste, and mortar bars by creating a freshly fractured 
sample with hammer and chisel and without any further preparation. The advantage of SEM is 
that it allows the investigation of samples without any coating (ESEM). The identification of the 
development of hydration was detected by energy dispersive X-ray spectroscopy (EDX) in the 
SEM. 
4.2.4 Other methods 
Setting time of blended paste was tested in accordance with EN DIN 196-1. Spread flowability 
and compressive strength of mortar were examined according to EN DIN 196-1 for German 
materials and TCVN 3121:2003 for Vietnamese materials. The porosity of mortar was 
investigated by mercury intrusion porosimetry (MIP). 
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4.3 Strength development of mortar 
4.3.1 Strength development in dependence of replacement levels of metakaolin 
The mixture ratio of the blend:sand:water was 1:3:0.6. In the blend, cement was replaced by 
metakaolin with 20 – 40 Wt.-%. The samples were moulded in prism forms (40×40×160 mm3). 
After demoulding, three sample groups were cured separately in water at 8 oC, 20 oC and 40 oC. 
The compressive strengths of samples were measured after day 2, 7 and 28. 
4.3.2 Strength development in dependence of the calcite addition 
The impact of adding calcite was investigated and based on strength activity (CSI). The ratio of 
blend (cement, metakaolin and calcite):sand:water was 1:3:0.6. The samples were moulded in 
prism forms (40×40×160 mm3). After demoulding, samples were cured in water at 20 oC. The 
compressive strength of samples was measured after days 2, 7 and 28. 
4.3.3 High performance mortar 
Control high performance mortar has the ratio of cement / binder : sand : water was 1/1:2:0.3. 
The cement mass of 20 Wt.-% was replaced by metakaolin for high performance metakaolin 
mortars. Polycarboxylate superplasticizer was used to obtain almost the equivalent spread 
flowability of mortars (19.5 - 21.5 cm). When CEM I 52.5 N was used in the control mortar, 
Starkenberg sand was used. The curing regime and strength test of mortars were examined after 
days 7, 28 and 360 in accordance with EN DIN 196-1. Furthermore, when VPC 40 was used in 
the control mortar, Loriver sand was used. The curing regime and strength test (after days 7 and 
28) of mortars were conducted in accordance with TCVN 3121:2003. The porosity of mortars 
was measured by MIP after 28 days of the hydration process. 
4.4 Pozzolanic activity of metakaolin  
4.4.1 The compressive strength index method (CSI) 
CSI describes strength activity of metakaolin whereby strength test of mortar prisms 
(40×40×160mm3) is performed by a combination between ASTM C331 and EN 450. In 
accordance with ASTM C331, a pozzolana replacement of 20 Wt.-% metakaolin for cement was 
used. Binder to sand ratio (1:3), w/b ratio (0.5) and curing regime (in water, 20 oC) was carried 
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out in accordance with EN 450. The compressive strengths (according to EN DIN 196-1) of 
samples were measured on day 28 of the hydration process. The pozzolanic activity was 
calculated as described in Equation 4.1: 
CSI = 100CSMK/CSPC Equation 4.1 
Where  
CSI:  compressive strength index [%] 
CSMK/CSPC: compressive strength of metakaolin mortar (80 Wt.-% cement and 20 Wt.-
% metakaolin) / control mortar (100 Wt.-% cement) [N/mm2] 
 
4.4.2 The saturated lime method  
This test was done according to Vietnam standard TCVN 3735:1982 [63]. At room temperature 
(25 ± 2 °C), 1g of metakaolin was mixed with 100 ml of saturated lime solution (the free lime 
content of 2β) to create the solution of S1. After 48 hours of the hydration process, 50 ml of this 
solution (S1) was taken out to check the free lime content (a1). A new 50 ml of saturate lime 
solution (the free lime content of β) was supplemented in to the residual from S1 to form the 
solution of S2, which had the current free lime content of a1+β. After further 48 hours, the free 
lime content of S2 was checked with the same procedures as for S1. Then the missing solution 
was refilled with saturated lime solution, and a solution S3 was created like S2. This process was 
performed 15 times over the course of 30 days (S1 → S15). The free lime consumption was 
calculated by the summation of results from 15 testing times as described in Equation 4.2. 
FLCSL = (β-a1) + (∑
=
+−
+14
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i
i a
a β )     Equation 4.2  
Where  
FLCSL: free lime consumption in relation to the mass of metakaolin [mg/g] 
β:  free lime content in 50ml of saturated lime solution, CaO [mg] 
a1:  free lime content in 50ml of solution S1 after 48 hours, CaO [mg] 
ai: free lime content in 50ml of solution Si after 48i hours, CaO [mg] 
 - 32 - 
4.4.3 Free lime consumption calculated using thermo gravimetric analysis (TGA-CaO method) 
The lime consumption of the blended pastes with a w/b ratio of 0.38 - 0.5 was investigated. The 
blended pastes were stored in air-sealed plastic boxes (250 ml) at 20 oC in 100 % RH. After 
various cure times, the free lime content and free lime consumption were calculated from H2O 
peak (characteristic peak of portlandite) determined by TG analysis as described in Equations 
4.3-5 (see Appendix 13.2).  
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[FLCTGA] = [mg/g] = [(FLPC – FLBP)/α] Equation 4.5 
Where  
FLPC/FLBP: free lime content (CaO) in the cement paste/blended pastes [mg/g] 
FLCTGA: free lime consumption in relation to the mass of metakaolin [mg/g] 
Mo/M1000:  mass of samples at a beginning temperature/1000oC during TG analysis 
[mg]/[g] 
MCO2:  mass loss of CO2 content from CaCO3 [g]. MCO2 = 0.01Mox*. Where x* is 
mass loss of CO2 [Wt.-%], x* was determined like x factor.  
x:  mass loss of water content from Ca(OH)2 [Wt.-%]. This x was determined by 
the method of [189] and [190]. 
y:  the mass loss of metakaolin at 1000 oC during TG analysis [Wt.-%] 
α: the mass rate of metakaolin replaced for cement. In this study, α = 0 (cement) 
and 0.1-0.4 (blended paste).    
4.4.4 The modified Chapelle test (mCh) 
Metakaolin (1 g) was mixed with 1 g Ca(OH)2 and 200 ml of water in a 600 ml glass beaker 
stirred by a magnet bar for 5 minutes. This beaker then was sealed and put at 40 oC. The 
pozzolanic activity of metakaolin was determined by the amount of lime consumed after various 
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curing periods. The lime consumption amount was calculated from the remaining Ca(OH)2, 
which was dissolved by adding sugar to form a calcium saccharate complex [191]. Solutions 
then were vacuum filtered through a 0.45 µm pore size filter paper. The filtrate was analysed for 
Ca2+ by ICP-OES.    
4.5 Durability tests of mortar 
4.5.1 Expansion change by ASR 
The expansion changes were evaluated by mortar prism tests according to the alternative method 
provided in the German Alkali-Guidelines (2007). The cement (CEM I 32.5 R) was replaced by 
10 - 20 Wt.-% of metakaolin to get the powder blend (450g). Sodium hydroxide (6.97 g) and 
potassium sulfate (3.83 g), which their content are calculated in order to get the content of 
Na2Oeq 2.50 Wt.-% in blend composition, were added to the mixing water (225 g) in order to be 
dissolved completely before adding cement and metakaolin. At the end of the process, reactive 
quartz sand (0.2 - 2mm, 1350g) was added. After moulding in the prisms of 40×40×160 mm3, 
the mortar prisms were cured at 20 oC in 100 % RH for 24 hours. Thereafter mortar prisms were 
demoulded, and the mortar prisms were cured at 70 oC in 100 % RH. After curing on days 14, 
21, and 28 the expansion changes of the mortar prisms were measured. Each mixture contained 
three prisms, and the final expansion result was the mean value measured on three prisms.  
4.5.2 Ion binding in ASR and sulfate attack 
The tests of ion binding for ASR were done with the metakaolin lime pastes 
(metakaolin:CH:NaOH/KOH = 1:1:0.04 with w/b 0.75 - 654 mmol Na+ /l, and 467 mmol K+ /l) 
and metakaolin cement pastes (metakaolin:CEM I 32.5 R = 0.25:1 with w/b 0.35), and for sulfate 
attack the tests were done with the lime pastes of metakaolin: Na2SO4: Ca(OH)2 rate of 1:0.1:1 
with the w/b of 0.75.  
Metakaolin and CH / cement was blended by hand until a uniform colour for the powder was 
achieved. NaOH / KOH / Na2SO4 was mixed with water until a completely dissolution was 
obtained. The lime / cement pastes were mixed with the ion solution / water for 4 minutes to get 
a homogeneous blended lime / cement paste through a mixer. The resulting pastes were stored in 
air-sealed plastic boxes (250 ml, φ30) at 20 oC in 100 % RH. After various hydration times, the 
blended paste with the volume ca. 250 ml was demoulded and put into the squeezing device 
(φ40) to separate aqueous phase. Maximum load was 240 kN for the hydrated lime paste and 320 
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kN for the hydrated cement paste. The aqueous phase (the extracted solution) was collected by a 
syringe with an attached needle (filter 0.45 µm) and sealed airtight in plastic vials. Immediately 
the extracted solution is got, it is diluted with acid HNO3 (1%) before calculating from the atoms 
measured by ICP-OES. The pH value was measured by a glass electrode.  
The residual water in solid phase (after the squeezing device has been performed) was calculated 
by the mass loss of samples (∼ 1 g, particles smaller than 5 mm) after calcination of 1000 oC in 3 
hours. Depending on this residual water, the ion concentration in the extracted solution and the 
input parameters (mixture rates), the ion concentration such as sodium and potassium per 1kg 
metakaolin from the hydrated lime pastes was calculated as described in Equations 4.6-8. This 
aims to observe clearly the ion binding of metakaolin in dependence of its BET surface. 
Mp = Msa +  0.01(xMmk1000 + yMch1000) - M1000    Equation 4.6 
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Cip.mk = 103[Mpdp-1Cies]x-1      Equation 4.8 
Where 
Mp: mass of the pore solution from the hydrated paste [Wt.-% ] 
Msa: water mass in the composition of blended paste. 42.86 Wt.-%  
x: mass percentage of metakaolin in the composition of blended paste [Wt.-% ]  
Mmk1000: mass loss of the metakaolin after the calcinations [Wt.-% ].  
y: mass percentage of Ca(OH)2 in the the blended paste [Wt.-% ]  
Mch1000:  mass loss of the Ca(OH)2 part from the solid part after the calcination [Wt.-% ].  
M1000: mass loss of the solid part (chemical water, xMmk1000, yMch1000) of blended paste 
after squeezing device and the calcinations of 1000 oC in 3 hours [Wt.-% ] 
dp: density of the pore solution [g/l] 
Mi: the standard atomic mass. i1(K), i2(Na), i3(Ca), i4(Al) and i5(Si) [g/mol] 
Cies: the concentration of the ion in the extracted solution [mmol/l] 
di: density of atomics [g/cm3]. (H2O density of 1 g/cm3 ) 
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Cip.mk:  the total ion amount of the pore solution per 1kg metakaolin from the hydrated-
blended lime paste [mmol/kg] 
For blended cement paste, y is the mass percentage of cement (100 and 80 Wt.-%), and Mcem1000 
(2.21 Wt.-%, mass loss of cement after the calcination) is replaced for Mch1000 in the Equation 
4.6. The total ion amount of the pore solution per 1kg hydrated-blended cement paste (Cip.cp, 
mmol/kg) is described in Equation 4.9 as follows:   
Cip.cp = 10[Mpdp-1Cies]       Equation 4.9 
4.5.3 Expansion change by external sulfate attack 
Mortar bars (10×10×60 mm3) were prepared from the mixtures of a binder:sand:water = 1:3:0.6. 
The binder contained 0, 10, and 20 Wt.-% metakaolin in combination with 100, 90, and 80 Wt.-
% cement VPC 40. Sand was used according to EN DIN 196-1.  
After mixing the fresh mortar was moulded in the form 10×40×60 mm3 and the mortar bars were 
cured at 20 oC in 100 % RH for 24 hours. Afterwards, mortar bars were demoulded and cured at 
20 oC in water in 14 days. Then, the mortar bars were exposed to the corrosive solution of 
Na2SO4 (3000mg SO42-/l). This solution was replaced with new solution every month for 12 
months. However, for the remaining months the solution was not renewed. The temperature 
during the testing period was 20 °C.  
The length of the specimens were recorded every 2 months up until the 6 month mark, and after 
18 - 22 months of cure. The results given were the average of bars (5 – 7 bars). As soon as the 
samples (at least 50% of bars) were fractured due to the external sulfate attack, SEM/EDX is 
used to determine the expansion hydration products of samples on micro-cracks and fractured 
areas. This SEM/EDX investigation was performed again when all bar samples were fractured.   
4.5.4 Strength change by acid sulfuric attack   
The strength change of mortar prisms (40×40×160 mm3) was conducted. The cement mass 
(CEMI 52.5 N) of 10, 20 and 30 M.-% was replaced by metakaolin, and the ratio of 
binder:sand:water is 1:3:0.6.  
After mixed and moulded in the prisms of 40×40×160 mm3, mortar prisms were cured at 20 oC 
in 100 % relative humidity for 24 hours. Thereafter mortar prisms were demoulded and cured at 
20 oC in water for 14 days. After that, the mortar prisms were exposed to the corrosive solution 
 - 36 - 
H2SO4 1.M-%. Three prisms were put in a plastic box containing ca. 1.5 l of the corrosive 
solution.  
After 19 months of curing, the compressive strength of samples was tested according to EN DIN 
196-1. The final result are the mean value of three prisms. SEM/EDX is used to determine the 
expansion hydration products of samples on micro-cracks and fractured areas.  
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5. Materials  
5.1 Kaolin 
The kaolins used in this study were two samples of Vietnamese kaolin named HTK and DQK. 
They were taken from the Lam Dong area. An overview of extraction for kaolin from raw 
material is shown in Appendix 13.3.  
The extracted kaolins (HTK & DQK), which have a physical status of pressed pieces with a 
maximum dimension of 10 cm and the maximum humidity of 3 Wt.-%, were packed in 10 kg 
bags and transported to Germany. Here, they were dried in an oven at 100 ± 5 oC up to constant 
mass, then ground up to 10 mm by a crusher, and ground up to a residue of 0 – 5 Wt.-% content 
at 500 µm dry-sieve (No.35) by a rolling ball mill. HTK and DQK were then used for the 
following investigations. The chemical compositions of HTK and DQK were analysed using 
ICP-OES, and their mineralogical compositions were analysed by XRD- Rietveld. The 
measurement results are shown in Table 5.1. As seen, HTK and DQK possess a low value of 
whiteness that indicates their low quality for producing high quality ceramics. 
 
Table 5.1 Chemical and mineralogical composition of Vietnamese kaolin 
 
HTK    
[Wt.-%] 
DQK    
[Wt.-%] 
  
HTK  
[Wt.-%] 
DQK  
[Wt.-%]  
SiO2 46.40 46.50 Kaolinite Al2Si2O5(OH)4 93.1 92.1 
Al2O3 36.10 35.60 Quartz SiO2 2.4 2.4 
Fe2O3 1.40 1.50 White mica+ KAl2[AlSi3O10.(OH)2] 2.4 4.5 
TiO2 0.30 0.03 Orthoclase K[AlSi3O8] 1.4 1.0 
CaO  0.10 - Rutile TiO2 0.5 0.1 
MgO 0.10 0.10     
K2O 0.47 1.06 Whiteness, Hunter Lab - L  65.6 60.3 
Na2O 0.02 0.03 [SiO2]/[Al2O3], mol rate 2.19 2.22 
P2O5 0.03 0.08 [Si]/[Al], mol rate 1.10 1.11 
LOI1000 13.40 12.70 Available alkalis, Na2Oeq (equivalent) 0.33 0.73 
+ Muscovite is one of white micas [192, 193] 
 - 38 - 
The specific surface area measured by the BET method was 25.3 m2/g for HTK, and 19.5 m2/g 
for DQK. Their particle size distributions analysed by particle-size-analyse instrument are shown 
in Figure 5.1, and their density are 2.602 g/cm3 for HTK and 2.604 g/cm3 for DQK.  
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Figure 5.1 The particle size distribution.  
 
 
5.2 Commercial metakaolin 
In this study, two commercial metakaolins (from Germany) were used as a comparative 
metakaolin. The first metakaolin was MK402, and other was GMK of Centrilit NC powder of 
MC-Bauchemie Müller GmbH & Co.KG Chemische Fabriken. Their chemical (analysed by ICP-
OES) and mineralogical (analysed by XRD/XRD- Rietveld) compositions are presented in Table 
5.2, and their particle size distribution (D50 of GMK and MK402: 3.8 and 4.7 µm) is shown in 
Figure 5.1. The BET surface of GMK and MK402 are 10.1 and 12.1 m2/g, and their densities are 
2.57 and 2.58 g/cm3 respectively.  
 
Table 5.2 Chemical and mineralogical compositions of commercial metakaolin 
 SiO2 Al2O3 Fe2O3 SO3 TiO2 CaO MgO K2O Na2O LOI+1000 
GMK [Wt.-%]  53.70 42.90 0.50 - 0.02 - 0.10 0.41 0.09 1.20 
MK402 [Wt.-%] 56.2 37.2 0.8 - 0.03 - 0.2 3.36 0.19 0.9 
 Amorphous phase Quartz Muscovite Orthoclase  
GMK [Wt.-%]  92.1 4.2 2.7 -  
MK402 [Wt.-%] 73.4 4.9 7.8 13.9  
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5.3 Cement 
In this investigation, four ordinary different German Portland cements were used. In addition, a 
ordinary Vietnamese Portland cement (VPC 40) was used. Their chemical (analysed by ICP-
OES) compositions and physical properties (tested by EN DIN 196-1 for German cement, TCVN 
6016:1995 and TCVN 6017:1995 for Vietnamese cement) are presented in Tables 5.3+4. CEM I 
52.5 R is a low alkali cement (Na2Oeq = 0.47), whereas CEM I 32.5 R is a high alkali cement 
(Na2Oeq = 0.94). The alkali content of other cements is normal as seen in Table 5.3.    
Table 5.3 Chemical composition of cement  
 SiO2 Al2O3 Fe2O3 SO3 TiO2 CaO MgO K2O Na2O Na2Oeq LOI1000 
CEM I 52.5 N [Wt.-%] 20.6 4.5 2.5 3.4 0.2 62.8 1.3 0.9 0.2 0.79 2.6 
CEM I 52.5 R [Wt.-%] 19.4 5.3 2.5 3.2 0.3 61.2 1.2 0.61 0.07 0.47 4.9 
CEM I 42.5 N [Wt.-%] 21.1 3.8 2.4 2.9 0.2 64.6 1.4 0.8 0.2 0.73 3.0 
CEM I 32.5 R [Wt.-%] 20.9 5.4 3.1 3.0 0.32 60.9 3.8 1.19 0.16 0.94 1.8 
VPC 40 [Wt.-%] 20.0 5.5 2.8 2.3 0.3 63.1 2.1 0.9 0.2 0.79 1.8 
 
Table 5.4 Properties of cement 
Setting time 
[h:min] 
Compressive strength [N/mm2]
 
Density 
[g/cm3] 
Blaine 
surface 
[cm2/g] Initial Final 
Water 
demand 
[Wt.-%] 2d 3d 7d 28d 
CEM I 52.5 N  3.12 5310 2:20 3:40 30.0 36.6 - 49.0 60.8 
CEM I 52.5 R 3.09 5950 2:20 3:50 31.0 36.2 - 56.6 65.4 
CEM I 42.5 N 3.13 3550 2:10 3:10 27.0 26.5 - 43.4 56.3 
CEM I 32.5 R 3.16 3450 4:20 5:35 28.5 23.6 - 36.4 50.1 
VPC 40 3.10 3546+ 2:25+ 3:40+ 27.3+ - 24.2+ - 46.4+ 
+
 tested by Butson Cement Company 
It is noted that Vietnamese cement VPC 40 (compressive strength after 28 days have to be higher 
than 40 N/mm2) can be considered to have a similar strength to CEM I 42.5 N in Germany. For 
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this reason, in the following investigations in the strength development of metakaolin mortars, 
CEM I 42.5 N is used instead of VPC 40. 
5.4 Aggregates 
The standard sands selected for CSI test method come from the standards of EN DIN 196-1 and 
TCVN 1770 [194]. Starkenberg sand (in mortars, combination with CEM I 52.5 N) and Loriver 
sand (in mortars, combination with VPC 40) have been used to manufacture high performance 
mortar.  
 
5.5 Superplasticizer 
Polycarboxylate superplasticizer, used in this study, was a commercial product of Sika 
ViscoCrete-2600. Its density is 1.08 g/cm3 and pH is 4.5 [195]. Superplasticizer was used in the 
mixtures of high performance mortar.  
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6. The optimal thermal conversion of Vietnamese kaolin into metakaolin  
6.1 Induction 
The object of this study was to produce a good quality metakaolin made from low quality 
Vietnamese kaolin. As such, in this part of the study Vietnamese kaolins (HTK and DQK) were 
calcinated to find the optimal conversion rate of kaolin into metakaolin. The optimal thermal 
conversion is the thermal treatment process of kaolin, whereby calcinated kaolin (metakaolin) 
produces the highest pozzolanic activity in comparison with other calcinated samples using other 
thermal treatment processes and the same preparation conditions. The optimal thermal 
conversion rate was determined by using experimental technologies (e.g, XRD) as well as the 
pozzolanic activity of calcinated samples. DSC/TGA and XRD techniques were used to 
characterise calcinated kaolins. The change of mass, density and fineness was determined to 
monitor calcinated kaolins. Furthermore, pozzolanic activity of metakaolin was assessed by 
strength activity (CSI) due to its reference characterisation as analysed in section 3.2.  
6.2 Calcinated kaolin characterisation  
6.2.1 Calcination of kaolin and preparation of samples 
HTK and DQK were dried in an oven at 100 ± 5 oC up to constant mass and then calcinated in an 
electric kiln Universal TC 805 instrument at various temperatures (500 - 800 oC) over 1 - 5 
hours. A mass of approximate 135 g kaolin was calcinated through heating from room 
temperature up to the required heating treatment using a heating rate of 10 oC/min. After the 
calcinations, the samples were cooled down to the room temperature again in an exsiccator.  
BET, PSD and density of calcinated kaolin are analysed as described in section 4.2.1. The mass 
loss of calcinated samples was then calculated as described in Equation 6.1. 
ML = 100(Mbc-Mac)/Mbc      Equation 6.1 
Where 
ML: mass loss of calcinated kaolin after the calcinations [Wt.-%] 
Mbc: mass of sample before the calcinations [g] 
Mac: mass of sample after the calcinations [g] 
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Mbc and Mac were assessed by a experimental scale with the accuracy of 0.01g. 
  
6.2.2 Thermal and gravimetric changes of kaolin 
In order to evaluate thermal and gravimetric changes, DSC/TG was used. During the thermal 
treatment investigations utilising DSC, a defined endothermic peak related to the de-
hydroxylation in the range of 400 - 600 oC was observed for both HTK and DQK (see Figure 
6.1.a). This strong endothermic peak is typical of kaolinite minerals [37, 38, 39, 40, 41, 196, 
197]. The maximum endothermic peak occurred at 503 oC for HTK and at 501 oC for DQK. 
Another defined exothermic peak, indicating the creation of crystalline phases such as spinel and 
mullite, occurred at 950 - 1000 oC. The maximum exothermic peak was at 986 oC for HTK and 
at 993 oC for DQK. Despite the transformation of kaolin into metakaolin taking place at 
temperatures between 400 - 600 oC, a strong transformation occurred at approximately 500 oC 
(see Figure 6.1.a). As a result, the thermal treatment process between temperatures of  500 - 800 
oC was chosen to calcinate HTK and DQK kaolin. 
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(a) (b) 
Figure 6.1 DSC/TG thermogram. (a) Heat flow. (b) Mass loss (ml), dissipation mass (dm). 
 
Figure 6.1.b presents the mass loss of kaolin during the thermal treatment by DSC/TG. A clear-
cut mass loss and a strong-intensity peak of dissipation mass took place between 400 - 600 oC. 
The mass loss between temperatures of 400 - 600 oC was 11.3 Wt.-% for HTK and 10.5 Wt.-% 
for DQK. The mass loss at a temperature of 1000 oC was 13.76 for HTK and 14.22 Wt.-% for 
DQK. The intensity height of dissipation mass peak, corresponding to the mass loss of H2O/OH- 
content from kaolinite, was 0.14 %.oC-1 for HTK and 0.12 %.oC-1 for DQK.  
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The analysis of DSC/TG showed defined thermal peaks, which suggest that HTK and DQK are 
well pure kaolin. Mineralogical analysis showed a high content of kaolinite (≈ 90 Wt.-%) in 
HTK and DQK (see Table 5.1), and this further confirmed the results analysed by DSC/TG. 
 
6.2.3 Mass loss of calcinated kaolin 
The thermal treatment of kaolin is a process of mass loss due to the removal of OH- groups. After 
calcinations, the mass loss of samples was calculated as described in Equation 6.1. Figure 6.2 
showed the mass loss of calcinated kaolin during the calcinations at temperatures of 500 - 800 
oC, which lasted between 1 - 5 hours. The results obtained revealed that, at the calcination 
temperature of 500 oC the mass loss increased strongly between 1 - 3 hours for HTK (see Figure 
6.2.a) and between 1 - 2 hours for DQK (see Figure 6.2.b). A longer heating process did not 
cause further significant mass losses. This indicates that the transformation of kaolin into 
metakaolin can be completed by the thermal treatment at 500 °C for a period of 4 hours for HTK 
and of 3 hours for DQK.  
During the calcinations at temperatures between 600 – 800 oC (HTK600-800, DQK600-800) for 
1 - 5 hours, there was only a slight increase in mass loss. This suggests that a complete 
conversion of kaolin into metakaolin occurred before a temperature of 600 oC was reached. 
These results agree with DSC/TG analysis, indicating that the factor of mass loss (calculated as 
described in Equation 6.1) can be used as a basic principle for determining the complete 
conversion of kaolin into metakaolin.   
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Figure 6.2 Mass loss in dependence of temperature and duration in the calcinations 
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6.2.4 The mineralogical transformation of calcinated kaolin 
XRD background in the region of 18.5-23.5° 2θ is suitable to estimate the degree of disorder in 
kaolinite samples [198, 199]. This indicates the crystallization state of kaolinite. It is well-known 
that a less crystallization state results in a higher lime activity of calcinated kaolin [75, 66]. XRD 
analysis of used kaolin in Figure 6.3 shows that the crystallization state of HTK was poorer than 
that of DQK as seen by the XRD background (calculated as HI index [200]) in the region of 
18.5-23.5° 2θ. This indicates that calcinated samples of HTK provide a higher lime activity than 
that of DQK. However, the effect of crystallization state on strength activity has as yet not been 
determined.  
The XRD patterns (see Figure 6.3) of calcinated kaolin show that, at 500 oC the intensity of 
characteristic peaks from kaolinite gradually reduced and disappeared when heating duration is 
increased. The characteristic peaks of kaolinite disappeared after the thermal treatment at 500 °C 
lasting for 4 hours for HTK and for 3 hours for DQK. A formation of crystalline phases (spinel / 
mullite) in samples, which are calcinated up to 800 oC for 4 - 5 hours, could not be observed. 
This result correlates well to results of DSC/TG analysis (see Figure 6.1). 
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Figure 6.3 XRD patterns of untreated kaolin (HTK and DQK) and calcinated kaolin (Kxy, 
samples are calcinated at 100x oC temperature in y hours) with peaks of 1 (muscovite), 2 
(kaolinite), 3 (quartz) and 4 (orthoclase). (a) HTK, (b) DQK. 
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The impurities in the kaolin HTK and DQK are muscovite, quartz and orthoclase. During the 
calcination up to 800 oC, a transformation took place for the mineral muscovite, but this was not 
the case for quartz and orthoclase. A starting transition of quartz into cristobalite or tridymite 
occurs at 1100 °C [201, 202]. As such, quartz does not influence the quality of metakaolin during 
the calcination up to 800 oC. Despite this, the phase transition of muscovite is a de-hydroxylation 
process with a major phase transition occurring at about 700 - 800oC [203, 204]. This leads to 
change in the fold coordination of Al atoms, from Al3+[VI] to Al3+[V]; The c-axis of muscovite at 
high temperatures is longer than the c-axis of the original muscovite phase [205, 204]. It also 
results in the easy release of potassium from muscovite, which has a negative influence in 
mitigating ASR [206, 204, 207]. The size and organisation degree of the muscovite network is 
closely related to E-modulus in ceramic and silicone materials [208, 209]. When kaolin is 
calcinated up to 800 oC, muscovite can influence the quality of metakaolin. If orthoclase is 
present, migmatites can be created from muscovite as a metamorphic event at over 650 oC under 
a high pressure [210]. The breakdown of muscovite + quartz at 757 oC can be influenced by H2O 
[211]. As such, the transition of impurity such as muscovite, quartz and orthoclase hardly occurs. 
However, the quantity of these impure minerals is insignificant (see Table 5.1). Thus, the mini 
change in mass of impurities and their effect on the transformation of kaolinite into metakaolin 
during calcination were not investigated in this study 
The results of quantitative phase analysis by XRD-Rietveld of kaolin and calcinated kaolin at 
various temperatures and periods is shown in Table 6.1. Mullite was never observed in the 
applied calcinated conditions, and the amorphous phase content of calcinated kaolin increases 
during the calcinations. Amorphous phase content of calcinated HTK/DQK during the 
calcination at 500 oC increased from 26/9 Wt.-% for 1 hour to 89.7/85.8 Wt.-% for 4 hours. At 
500 °C in 4 hours for HTK and in 3 hours for DQK, the increase in amorphous phase content 
was almost constant. Calcination at 800 °C did not bring further significant increase of 
amorphous phase content. Muscovite quantity increased during the calcination up to 500 oC due 
to the conversion of kaolinite to muscovite/illite at temperatures ranging from 250 - 307 °C 
[212]. Also, at 500 oC of calcination, the small increase in mass of muscovite content for 
HTK54/DQK53 could be mainly due to the total mass loss of kaolin. However, probably the 
limited potassium content of kaolin, which is a necessary condition for the conversion of 
kaolinite to muscovite/illite [212], prevented the further formation of muscovite/illite from 
kaolinite during the calcination at 800 oC. The conversion of other minerals which transformed  
in smaller  amounts is out of the scope of this study.   
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Table 6.1 Mineralogical phase in calcinated samples calculated by XRD-Rietveld analysis 
 
Amorphous 
phase 
Quartz 
Muscovite 
/ Illite   
Orthoclase 
Sanidine 
Na0.16 
Kaolinite 
HTK 00 - 2.4 2.4 1.4 - 93.1 
HTK51 26.0 3.0 2.2 2.9 - 65.9 
HTK54 89.7 3.6 4.0 2.8 - - 
HTK84 92.5 3.3 2.7 - 1.5 - 
DQK00 - 2.4 4.5 1.0 - 92.1 
DQK51 9.0 4.8 5.8 2.4 - 78.1 
DQK53 85.5 5.3 7.7 1.5 - - 
DQK83 86.2 5.7 6.3 - 1.4 - 
Kxy: kaolin that is calcinated at 100*x temperature of the calcination in y hours. 
- : minerals are not found or have a very small amount 
6.2.5 Density, BET surface and PSD of calcinated kaolin 
Figure 6.4 represents the measured density of calcinated kaolin at different temperature and 
duration of the calcinations. In generally, density of calcinated kaolin was smaller than that of 
kaolin (2.60 g/cm3 for HTK and DQK), except calcinated kaolin at 800 oC (2.61 g/cm3 for 
HTK84 and 2.60 g/cm3 DQK83). During the calcination from 500 – 800 oC lasting 1 – 5 hours, 
the changes of density were observed as follows: At the calcination temperature of 500 oC lasting 
from 1 - 3 hours, the density of calcinated sample was reduced, which is explained by the partly 
mass loss from H2O-/ H2O+/ OH- groups as analysed in section 3.1.2. However, no further 
reduction was observed when samples were prolongly heated at 500 oC. A tendency for an 
increased in density was observed at the calcination temperatures of 600 - 800 oC lasting for 1 - 3 
hours. Achieved results demonstrate that, the pre-dehydration was completed after the 
calcinations at 500 oC which lasted for 3 hours. This is further confirmed by the analysis of 
DSC/TG, XRD and mass loss above. 
The change of density can correspond with the collapse of kaolinite layers (as analysed in section 
3.1.2) which leads to the gradual reduction of BET surface in calcinated kaolin as seen in Figure 
6.5. A strong reduction in BET surface was observed over the total samples calcinated at 500 oC 
within 1 hour down to samples calcinated at 800 oC within 5 hours (2.1 for HTK and 3.4 m2/g for 
DQK).  
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Figure 6.4 Density in dependence of temperature and duration in the calcinations 
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Figure 6.5 BET surfaces in dependence of temperature and duration in the calcinations 
 
The results of PSD from HTK kaolin and calcinated HTK are shown in Figure 6.6. The 
agglomeration phenomenon takes place during the calcination. In generally, calcinated kaolin 
showed the increase in volume of particles bigger than ca. 4µm as compared to that of kaolin. 
This behaviour is especially easily seen at the level of particle size bigger than ca.20µm. An 
agglomeration among particles into coarser particles (> ca.100 µm) was observed for calcinated 
kaolin during calcinations, while such coarser particles are not present in kaolin as seen in Figure 
6.6 (details in Appendix 13.4). Calcinated kaolin also showed the reduction of volume in 
particles smaller than ca. 4µm as compared to that of kaolin. Taken together, achieved results 
confirm the the collapse of kaolinite layers (see section 3.1.2) which leads to the agglomeration 
phenomenon among particles (Figure 6.6), causing the reduction of BET surface in calcinated 
kaolin as seen in Figure 6.5. The same behaviour was observed on calcinated DQK during the 
calcinations (see Appendix 13.4) 
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Figure 6.6 Particle size distribution of kaolin and calcinated kaolin. 
 
6.2.6 Residual water in calcinated kaolin 
Analysed by XRD (see Figure 6.3), calcinated kaolin at 500 oC (HTK54, DQK53) showed no 
more characteristic peaks of kaolinite. However, the mass loss analysis (see Figure 6.2) indicated 
that, there was still residual water in calcinated kaolin at 500 oC. In order to prove the presence 
of residual water, DSC/TG analysis was carried out again for certain samples such as HTK54 / 
HTK84 and DQK53 / DQK83 as shown in Figure 6.7. 
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Figure 6.7 DSC/TG thermogram of calcinated kaolin.  
 
The results as shown in Figure 6.7.a reveal that, HTK84 and DQK83 do not contain any peaks of 
dissipation mass regarding residual OH- groups, whereas HTK54 and DQK53 contain. This can 
be seen also by the mass loss shown in Figure 6.7.b. The residual water can be shown to have 
definitely come from kaolinite/metakaolinite due to of the following reasons: 
HTK 
HTK54 
HTK84 
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(1) According to the XRD- Rietveld in Table 6.1, the residual H2O+/OH- in all samples can 
only come from kaolinite/metakaolinite and muscovite. Their masses are reduced due to 
the de-hydroxylation during the calcination. 
(2) The mass loss of muscovite at 980 oC due to the removal of hydroxyls is 4.7 Wt.-% 
[204]. The presence of a small amount of muscovite in samples (see Table 6.1), such as 
HTK54 (4.0 Wt.-%) and DQK53 (7.7 Wt.-%), can lead to their mass loss up to 0.31 Wt.-
%. However, the mass loss of HTK54 and DQK53 was more than 2 Wt.-% (see Figure 
6.2 and Figure 6.7.b). For this reason, the peak
 
of dissipation mass must also be due to 
the mass loss of kaolinite/metakaolinite.   
(3) The removal of H2O+/OH- groups can occur between temperatures of 400 – 1000 oC 
[213]. If the residual water coming from muscovite is assumed, the peak
 
of dissipation 
mass should occur between temperatures of 800 – 900 oC [204]. Besides that, the mass 
loss of residual water coming from kaolinite/metakaolinite mainly occurred at about 450 
°C [42]. However, as seen in this study, the peak
 
of dissipation mass took place between 
temperatures of 450 – 800 oC (see Figure 6.7.a). Taken together, these results suggest 
that the peak
 
of dissipation mass is not due to the mass loss of muscovite. 
It can be inferred therefore from these three reasons, that the peaks of dissipation mass (shown in 
Figure 6.7.a) are characteristic peaks from the residual water in kaolinite/metakaolinite. The 
question of whether this residual water can influence the pozzolanic reaction capability as well as 
ion binding at varying cure temperatures should be answered, as this information is very useful 
for the application field of metakaolin with respect to durability.  
 
6.2.7 Residual water in relation to BET surface for calcinated kaolin 
It can be shown from Figure 6.2, Figure 6.5 and Figure 6.7 that the basic principle in the 
calcination process for kaolin is the loss of water (H2O- / H2O+ / OH-) causing the reduction in 
BET surface. Therefore, BET surface reduction is considered as the factor that indicates the 
transformation from metakaolin with residual water to total de-hydroxylation metakaolin 
(without residual water). A higher BET surface is determined in metakaolin containing the 
residual water (see Figure 6.8). Their presence indicated that the collapse of kaolinite layers 
(from 7.15 Ao down to 6.3 Ao [43]) had not completely occurred. Thus, freer layer surfaces could 
be available, and therefore BET surface was higher. Additional results from this study contribute 
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to further explain the reduction in BET surface during the calcination that has previously been 
observed [37, 50, 51, 52, 53, 54, 55].  
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Figure 6.8 The relation between BET surface and residual water content during calcination 
6.3 The pozzolanic activity of calcinated kaolin based on CSI 
Strength activity, tested by CSI as described in Equation 4.1 for HTK and DQK, is represented in 
Figure 6.9. HTK and DQK metakaolin showed a higher strength activity than the control sample 
(CEM I 52.5 N), except HTK that was calcinated at 500 oC within 1 hour. 
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Figure 6.9 Strength activity by CSI 
At the calcination temperature of 500 oC, the strength activity value increased strongly between 1 
- 3 hours for HTK (see Figure 6.9.a) and between 1 - 2 hours for DQK (see Figure 6.9.b). A 
longer heating process did not cause further significant increase in strength activity. This is in a 
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good agreement with the complete transformation of kaolin into metakaolin, which was revealed 
by XRD analysis (see Figure 6.3) and mass loss (see Figure 6.2).  
HTK54 and DQK53 showed a significantly lower activity of strength than the commercial 
product GMK. A similar pozzolanic activity like GMK was observed in HTK74, DQK73 and 
DQK82. The maximum strength activity was achieved at the calcination temperature of 800 oC 
lasting for 4 hours for HTK (HTK84) and for 3 hours for DQK (DQK83) respectively. This 
indicates that either the increasing content of amorphous phase (see Table 6.1) as proved in [74, 
75], or the conversion of phases and the increase of density (see Figures 6.3+4) in calcinated 
kaolin could be a further benefit for CSI. 
6.4 Representative samples for next investigations 
In order to study the potential utilisation of Vietnamese metakaolin in future, two metakaolin 
groups calcinated at 500 and 800 oC were chosen as representative samples. HTK84 and DQK83 
were chosen as representative samples calcinated at 800 oC due to their highest CSI and structure 
without residual water. HTK54 and DQK53 have been chosen due to their structure with the 
presence of residual water.  
 
Table 6.2 Properties of Vietnamese metakaolin 
 HTK54 HTK84 DQK53 DQK83 
Mass loss [Wt.-%] 12.4 13.7 11.5 13.2 
Amorphous content [Wt.-%] 89.7±1.0 92.5±1.4 85.5±1.4 86.2±1.5 
Density [g/cm3] 2.53 2.61 2.54 2.60 
BET surface [m2/g] 24.5 22.6 18.8 17.2 
D50 [µm] 7.3 7.0 6.3 5.7 
CSI [MPa.-%] 116 127 115 122 
Presence of residual water Yes No yes No 
Residual water mass+ [Wt.-%] 1.43 0 1.15 0 
+ determined by DSC/TGA, refering to the peak of dissipation mass and calculating as [189] and [190].  
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In addition to this, two commercial products, GMK and MK402, were used to compare with 
Vietnamese metakaolin. GMK and MK402 have no residual water in their structure, and their 
properties are described in section 5.2.  
6.5 Discussion 
It is concluded from Figure 6.3 that calcinated kaolin is called metakaolin when its peak of 
kaolinite is absent in XRD partten. It is inferred from Table 6.2 that a high content of amorphous 
phase is not the only requirement for the highest value of CSI, but the absence of residual water 
is needed. 
Depending on strength activity in this study (see Figure 6.9), a thermal treatment table for 
Vietnamese metakaolin was selected and recommended (see Table 6.3). For good quality 
metakaolins, the strength activity of HTK and DQK (calcinated at 700 - 800 oC for 3 - 4 hours) is 
higher or similar to that of the commercial metakaolin product GMK. Other samples in the table 
of thermal treatment process are normal quality metakaolin that their strength activity are higher 
or similar to that of the control sample CEM I 52.5 N. In practical manufacture conditions, one to 
two hours of calcination at 500 oC is not long enough for a large amount of kaolin. At least 4 
hours of calcination for HTK and 3 hours of calcination for DQK should be carried out for the 
pilot manufacturing. However, not longer than 4 hours due to the economical factor of energy 
consumption. Depending on the features of each technology calcinating metakaolin, each thermal 
treatment process from the Table 6.3 could be used. For example, to turn the waste heat emission 
from the manufacturing process of cement or ceramic into advantage, the thermal treatment 
process at 500 oC within 4 hours for HTK and 3 hours for DQK could be used for producing 
metakaolin. This is convenient for energy save.  
 
 
Table 6.3 Thermal treatment process of HTK and DQK 
 
Good quality 
Metakaolin 
Normal quality 
Metakaolin 
Heating temperature [oC] 700 800 500 600 700 800 
HTK, calcination duration [h] 3-4 3-4 4 2-4 1-2 1-2 
DQK, calcination duration [h] 4 3 3 2-3 1-3 1-2 
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6.6 Concluding remarks 
HTK and DQK were calcinated between temperatures of 500 - 800 oC over a period of 1 - 5 
hours. Their chemical- physical-mechanical properties before and after the calcinations were 
determined. The gained results provided the basic principle for determining the optimal thermal 
conversion rate of kaokin in to metakaolin. The following conclusions can be drawn: 
(1) Kaolin is transformed into metakaolin at the thermal treatment of 500 oC over a 4 hour period 
for HTK and for 3 hours for DQK. The optimal thermal treatment for HTK and DQK is at 800 
°C for 4 and 3 hours, respectively. With these thermal treatments, the produced metakaolin 
(HTK84 and DQK83) exhibits the highest CSI.  
(2) The thermal treatment of kaolin is a process of mass loss due to the removal of the H2O-/ 
H2O+/OH- groups. Thus, the factor of mass loss (determined by Equation 6.1) can be used for 
determining the complete conversion of kaolin in to metakaolin.    
(3) During the calcination, because of the removal of the H2O+/OH- groups and the collapse of 
kaolinite layer structure, the mass and BET surface of calcinated kaolin tends to decrease, while 
its density tends to increase. It can be concluded that the presence of residual water as well as the 
not fully collapsed layer structure in calcinated kaolin causes an increased BET surface during 
the calcinations.   
(4) The peak of dissipation mass in TGA analysis can be used for determining the characteristic 
peaks from the residual water in kaolinite/metakaolinite. 
(5) A save indicator for complete conversion of kaolinite into metakaolinite is the absence of 
kaolinite peaks in XRD patterns. 
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7. Estimation of pozzolanic activity for metakaolin by means of lime consumption 
7.1 Induction 
The meaning of pozzolanic activity is needed for assessing an optimal thermal treatment process 
for producing metakaolin. The optimal conversion rate  from  kaolin to metakaolin often depends 
on the pozzolanic activity such as the strength activity (indirect testing method) or lime 
consumption (direct testing method) [214, 215, 52, 38, 74, 76]. Strength activity is a direct 
measurement of concrete performance. Thus, strength activity is often used as a reference 
method for determining the pozzolanic activity of calcinated kaolin. The lime consumption value 
of metakaolin provides no clear information about the performance of concrete products. In 
addition the lime consumption value of metakaolin is influenced by the pozzolanic reaction that 
takes place both though cation absorption (on the surface of metakaolin) and adsorption (on the 
surface of hydration products), and cation exchange (between amorphous phase of metakaolin 
and free lime CaO). The cation adsorption can take place continuously, as long as the cation is 
free and the surface of metakaolin is available. The cation exchange continues unless one of 
conditions as amorphous phase content (metakaolinite), free cation (e.g, Ca2+) and a connective 
condition between them (pore solution) is absent.  
An open question that has to be answered is, whether or not the pozzolanic activity assessed by 
means of lime consumption can be used for assessing metakaolin quality as the reference method 
CSI. Thus, in this part of the study the direct testing methods (the saturated lime method, TGA-
CaO method and mCh) were compared to the indirect test (CSI). Due to the fact that testing 
durations for the hydration of the direct tests TGA-CaO method and mCh are non-standard 
methods, their testing durations need to be determined. The testing duration ensures that 
achieved value of lime consumption after a certain hydration time reaches a stability-threshold 
value (almost constant). Testing duration for the saturated lime method is fixed at 30 days 
according to the Vietnamese standard [63], and time periods for mCH can fluctuate between 8 
and 15 days as EN DIN 196-5 [216].  
In order to find out the optimal direct testing method, a commercial metakaolin product (GMK) 
was included to serve as a reference for the Vietnamese metakaolin: HTK (HTK54, HTK84), 
DQK (DQK53,  DQK84). It should be noted that HTK54 / HTK84 and DQK53 / DQK83 were 
made from the same kaolin HTK / DQK but calcinated by different thermal treatment processes. 
Therefore, HTK54 / DQK53 (at 500 oC calcination) possesses the similar chemical compositions 
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and amorphous phase contents to HTK84/DQK83 (at 800 oC calcination). However, they are 
different for BET surface and PSD as shown in section 6 (see Table 6.2). Since section 3.3.2 
showed the influence of BET surface and PSD on the pozzolanic activity of metakaolin, their 
influence will also be considered in the following. As such, the experiment setup will not only be 
a comparison of different testing methods for evaluating of lime consumption v.s CSI, but also a 
monitor of the role of BET surface and PSD on these will be investigated. The obtained results 
are important for the optimisation of thermal treatment process as well as the classification of 
metakaolin. 
7.2 The saturated lime method 
Table 7.1 presents the pozzolanic activity tested by the saturated lime method (see section 4.4.2). 
Of all tested samples, GMK with the lowest D50 surface had the greatest value of lime 
consumption. This reflects the role of PSD when samples are submerged in solution. However, 
no correlation was found between BET surface factor and lime consumption value. The value of 
lime consumption decreased as follows: GMK > HTK54 ≈ HTK84 ≈ DQK53 ≈ DQK83. This 
does not agree with the results from the reference test CSI (HTK84 ≥ DQK83 ≥ GMK > HTK54 
≥ DQK53). 
Table 7.1 Lime consumption tested by the saturated lime method  
(1g metakaolin, 850 ml saturated lime solution, 30d, room temperature) 
 HTK54 HTK84 DQK53 DQK83 GMK 
Consumed CaO at 30 days [mg/g] 192-196 180-197 188-193 185-195 231-239 
BET surface [m2/g] 24.5 22.6 18.8 17.2 10.1 
D50 [µm] 7.3 7.0 6.3 5.7 3.8 
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Figure 7.1 Lime consumption tested by the saturated lime method for samples (1g metakaolin, 
850 ml saturated lime solution, 30d, room temperature). 
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The cause for the lack of correlation in results between the saturated lime method and CSI could 
be that selected hydration period on the days 30 is too short. As shown in Figure 7.1, the lime 
consumption cumulatively increases up to 30 days of reaction process. The slope of the curves, 
i.e. the rate of lime consumption, was not reached a threshold value. Thus, it may occur that 
observed trends vary significantly at a longer hydration period. Therefore, the results of the 
saturated lime method are not considered to be reliable.  
7.3 TGA-CaO method  
Unlike the saturated lime method, the determination of CaO consumption by TGA analysis in 
TGA-CaO method (see section 4.4.3) is still not considered as a standard test method. Up to 
now, no reaction period is assigned to which test has to be followed up. For this reason, the lime 
consumption (calculated as described in Equation 4.5) was determined at various time as shown 
in Figure 7.2. The results show that after 7 days of the hydration process the increase in lime 
consumption value is limited up to 28 days. Thus, a period of 28 days was chosen to compare 
lime consumption values by TGA-CaO method. 
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Figure 7.2 Lime consumption tested by TGA-CaO method for samples (CEM I 52.5 N: 
metakaolin = 80:20 Wt.-% at the w/b of 0.5, 20 oC and 100%RH).   
  
 
Table 7.2 Lime consumption tested by TGA-CaO method  
(CEM I 52.5 N: metakaolin = 80:20 Wt.-% at the w/b of 0.5, 20 oC and 100%RH) 
 HTK54 HTK84 DQK53 DQK83 GMK 
Consumed CaO at 28 days [mg/g] 387 352 361 310 336 
BET surface [m2/g] 24.5 22.6 18.8 17.2 10.1 
D50 [µm] 7.3 7.0 6.3 5.7 3.8 
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Table 7.2 shows that cement pastes containing metakaolin with a higher BET surface possess a 
higher value of lime consumption. The impact of D50 is absent in the values of lime 
consumption. The lime consumption value decreased as follows: HTK54 > DQK53 > HTK84 ≥ 
GMK ≥ DQK83. For both TGA-CaO method and CSI, the value of pozzolanic activity reduces 
as follows: 
The first group with the presence of residual water: HTK54 > DQK53  
The second group without the presence of residual water: HTK84 ≥ GMK ≥ DQK83  
The reason for the disconnection between TGA-CaO method and CSI in all tested groups (with 
and without residual water) is due to the influence of metakaolin surface. BET surface of HTK54 
- DQK53 group is higher than that of HTK84 - DQK83 - GMK group. As such, the lime 
consumption value of HTK54 - DQK53 group is higher than that of HTK84 - DQK83 - GMK 
group as analysed in section 3.3.2 and 6.2.7. However, the difference in BET surface between 
these two groups (< 3 BET m2/g) is too few and such is not considered to be relevantly high 
enough (7 – 70 BET m2/g) for impacting on CSI significantly as showed before by [70, 92]. 
In order to see the clear influence of BET surface on the value of lime consumption at a limit 
water condition (at low w/b ratio), the w/b of 0.38 was investigated in this respect. 
Table 7.3 Lime consumption tested by TGA-CaO method  
(CEM I 52.5 N: metakaolin = 80:20 Wt.-% at the w/b of 0.38, 20 oC and 100%RH) 
 HTK54 HTK84 DQK53 DQK83 GMK 
Consumed CaO at 28 days [mg/g] 351 296 313 248 273 
BET surface [m2/g] 24.5 22.6 18.8 17.2 10.1 
D50 [µm] 7.3 7.0 6.3 5.7 3.8 
Amorphous content [Wt.-%] 89.7 92.5 85.5 86.2 92.1 
Table 7.3 shows the lime consumption value of metakaolin from mixtures with w/b 0.38. The 
same influence of BET surface as Table 7.2 was observed on the gained results of lime 
consumption. Due to the fact that HTK54 and DQK53 have a higher BET surface than HTK84 
and DQK83 respectively. Also their amorphous phase content is almost similar to that of HTK54 
and DQK53 respectively. This indicates that lime consumption of metakaolin correlates well 
with its BET surface.  
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7.4 mCh 
As mCh (see section 4.4.4) does not declare a standard curing time, a sample HTK84 was 
prepared and investigated after various periods to determine the reaction time for all samples. 
The aim was to find the hydration period when the rate of lime consumption is limited as shown 
in Figure 7.3. The gained results show that, the development of lime consumption was stable and 
almost constant after 9 days. Therefore, the reaction time of 9 days was chosen for following 
experiments from mCh. 
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Figure 7.3 Lime consumption of HTK84 with reaction time. P1: Sample with utrasound 80% in 
4min. P2: sample with the preparation as section 4.4.4.   
 
Table 7.4 presents the lime consumption results tested by mCh. It shows that, metakaolin with a 
lower D50 had a higher value of lime consumption. However the results from mCh did not 
correlated with BET surface. The value of lime consumption decreases as follows: GMK > 
HTK84 ≈ DQK83 > HTK54 ≈ DQK53. In this order, only GMK does not agree with the results 
from the reference test CSI (HTK84 ≥ DQK83 ≥ GMK > HTK54 ≥ DQK53). The reason for the 
disagree of GMK is unclear, but it may be due to the production process of this commercial 
metakaolin GMK (e.g, usage of polymers for grinding process). 
 
Table 7.4 Lime consumption tested by mCh (1g metakaolin, 1g CH, 200ml H, 9d, 40oC) 
 HTK54 HTK84 DQK53 DQK83 GMK 
Consumed CaO at 28 days, [mg/g] 487 533 480 526 625 
BET surface [m2/g] 24.5 22.6 18.8 17.2 10.1 
D50 [µm] 7.3 7.0 6.3 5.7 3.8 
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The reason why D50 shows its more dominant effect on the value of lime can be explained as 
follows. The test condition is performed at a high temperature (40 oC) with the use of  excess 
water (200ml) as well as a long hydration time (9 days), which leads to reactions across the 
complete surface of the metakaolin (gained high value of lime consumption, Table 7.4). As a 
result, the impact of BET surface was obscured.  
7.5 Discussion 
7.5.1 Estimation of pozzolanic testing methods by means of lime consumption 
Figure 7.4 presents the lime consumption of metakaolin tested by the saturated lime method, 
TGA-CaO method and mCh. The given values in the saturated lime method were the average 
value calculated from Table 7.1, and the given values for TGA-CaO method and mCh came from 
Table 7.2 and Table 7.4. As can be seen, the different values of lime consumption were given by 
different testing methods. 
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Figure 7.4 The lime consumption of metakaolin measured by different testing methods.  
 
The mCh method showed the highest lime consumption from the samples tested, whilst the 
saturated lime method showed the smallest value; with the TGA-CaO method resulting in a 
medium rate of consumption. A higher reaction temperature of 40 oC and a direct connection 
between CH and metakaolin could be the reason why mCh showed the highest value of lime 
consumption. Therefore, these consumption rates can be considered as the maximum lime 
consumption valuations that metakaolin can achieve. On the contrary, reaction temperature of 
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20oC and the concentration of Ca2+ ions of the saturated lime method were lower. In addition the 
testing age is 30 days, although the development of lime consumption vs. reaction time did not 
reach a stop value or threshold value (see Figure 7.1). For these reasons, the saturated lime 
method delivered the smallest value of lime consumption. This also shows that, the low 
concentration of Ca2+ ion in the saturated lime method does not suit to assess the high pozzolanic 
activity of metakaolin. The saturated lime method therefore would better suit for evaluating a 
low pozzolanic activity material such as fly ash and slag. In TGA-CaO method, metakaolin 
contacts directly with Ca2+ coming from the hydration process of cement in the condition of 
limited water content (w/b of 0.38 - 0.5). Moreover, a large amount of heat is released during the 
hydration of cement, which results in an increase in temperature up to 45 oC in the early age of 
the hydration process [217]. Thus, pozzolanic reaction of metakaolin is promoted and the lime 
consumption values are between that of the saturated lime and mCh methods. In addition, the 
hydration process required for a test to be carried out is at the 28 day mark. Thus, the increase in 
lime consumption vs. reaction time is already low (see Figure 7.2). As such, the lime 
consumption evaluation by TGA-CaO method is a good reflection on the actual behaviour of 
metakaolin in concrete. Due to this, TGA-CaO method can be seen to be the most suitable 
method to characterise the pozzolanic activity of metakaolin. Furthermore, it is referred from 
section 7.3 that, with respect to a certain content of residual water in metakaolin structure, TGA-
CaO method can reach a good balance between metakaolin and cement performance. These 
findings also match the results presented in [218]. 
7.5.2 Direct tests in relation to indirect test 
It can be inferred from Tables 7.1+2+4 and direct test CSI ( see section 6.3) that, there is no 
linear correlation between results investigated by the direct test and CSI. The reason for this lack 
of correlation is due to the following:  
A linear correlation between CSI (strength activity, indirect test) and lime consumption (lime 
reaction, direct test) is impossible. The lack of correlation between them is generally explained 
by the difference of measurement conditions as well as the type of pozzolan and cement [219, 
69]. However, the problem in mismatch between results from different testing methods for 
pozzolanic activity of metakaolin is due to two reasons.  
The first reason is the different unit measuring pozzolanic activity. The measurement unit used 
for the direct test depends on the amount of lime consumption, and this contains two similar 
ratios. One is the amount of the lime consumption in relation to the mass of metakaolin (mg/g 
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ratio), and the other is the amount of the lime consumption in relation to the amorphous phase 
content in metakaolin (mg/g AP ratio). These two current ratios are not always compatable with 
the current ratio of the indirect test, which is the relative compressive strength (% ratio). This 
makes the comparison and correlation of direct and indirect tests impossible.  
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Figure 7.5 Free lime of lime pastes and compressive strength of mortars v.s metakaolin content 
(CEM I 52.5 N: metakaolin = 100:0 / 90:10 / 80:20 / 70:30 / 60:40 Wt.-%)  
The second reason is a non-linear relationship between lime consumption and compressive 
strength v.s metakaolin content as described in Figure 7.5. The increase in metakaolin amount or 
in the amorphous phase content does not always lead to an increase in relative compressive 
strength but always leads to a reduction in free lime content (the increase in lime consumption). 
It is logical that a certain amount of cement clinker is needed to obtain a sufficient compressive 
strength of mortar, which is high at a certain amount of metakaolin used. Normally, maximum 
compressive strength is achieved when 10 - 20 Wt.-% of cement is replaced by metakaolin in 
mortars and concretes [141, 143, 142, 70, 144, 145, 146, 147, 148, 149]. If more than 20 Wt.-% 
metakaolin is used, the compressive strength  decreases [142, 148]. However, after 90 days the 
lime content drops down to zero when 40 Wt.-% cement has been replaced by metakaolin. Taken 
together, it is concluded that the comparison and correlation of direct and indirect tests cannot be 
carried out.  
As analysed, the correlation between different tests is impossible. However, in order to have an 
overall assessment of metakaolin quality, two factors of CSI and lime consumption need to be 
assessed. CSI is used as an overall assessment in the reliability (mechanical strength and 
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chemical) of concrete products, while the lime consumption factor is used to predict their 
durability such as ASR and sulfate attack. 
7.6 Concluding remarks 
 
The following results were obtained. 
(1) The lime consumption tested by the saturated lime method, TGA-CaO method, and mCh 
does not agree with the reference test CSI, although TGA-CaO method can be seen to be the 
most suitable method to characterise the pozzolanic activity of metakaolin and to provide the 
best agreement between metakaolin and the performance of  cement and concrete products.  
(2) BET surface has a significant impact on lime consumption evaluation tested by TGA-CaO 
method, whilst D50 shows its more dominant effect on the value of lime consumption tested by 
mCh.  
(3) The mCh method shows the highest lime consumption from the samples tested, whilst the 
saturated lime method shows the smallest value; with the TGA-CaO method resulting in a 
medium rate of consumption. 
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8. Influence of metakaolin on mechanical and physical properties of cement and concrete 
8.1 Induction 
Before 1990, the compressive strength of reinforced concrete in Vietnamese constructions 
reached mainly 20 MPa and seldom 30 - 40 MPa. Nowadays, the compressive strength of 
reinforced concretes is mainly 30 MPa for normal building constructions and up to 60 MPa for 
special constructions. Very high compressive strength concrete (more than 100 MPa) has rarely 
been studied and applied for building constructions like bridge structures in Vietnam. Recently, 
the potential of manufacturing high performance concrete (60 – 80 MPa) in Vietnam has been 
addressed. Preliminary results confirmed that available materials in Vietnam can be successfully 
used for producing HPC [220]. Imported silica fume (from Elkem Silicon Material in Kingdom 
of Norway) and superplasticizer (Sika in Switzerland and MBT in Australia) facilitates the 
production of HPC and UHPC in Vietnam [221]. Recent studies have shown that Vietnamese 
rice husk ash can be applied to produce HPC and UHPC [222, 223]. However, the potential to 
use Vietnamese metakaolin for producing HPC has not been the subject of investigation. 
Therefore, in the present study, strength development was investigated not only for normal 
metakaolin mortars but also for high performance mortars with ca. 100 MPa. More recently 
within Vietman, there is the strong change of hydro-meteorologic for temperature from 7.3 to 
42.2 oC [224, 225]. As such, different temperature treatments (8 – 20 - 40 0C) have been used to 
prepare mortars. In order to effectively employ metakaolin in composite cement as well as to 
reduce the amount of Portland cement clinker to 55 Wt.-%, metakaolin is used in combination 
with calcite in different levels for the remaining 45 Wt.-%. This aim was to find an optimal 
combination of composite cement containing metakaolin and calcite, whereby the highest 
strength of mortar can be obtained. In addition to this, the properties of workability and porosity 
from selected mixtures were tested as shown in the following section.  
8.2 Setting time and spread-flowability 
The effect of various levels of metakaolin on setting times and water demand of metakaolin 
pastes is shown in Table 8.1. The initial setting time of composite cements containing 20 – 40 
Wt.-% metakaolin was less than that of the control, except the usage of 30 – 40 Wt.-% HTK54 or 
HTK84. The final setting time of composite cements with 20 – 40 Wt.-% metakaolin exceeded 
that of the control (CEM I 42.5 N, 190min), except DQK53. 
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In order to obtain a normal water demand less than 35 Wt.-%, the maximum use level of 
metakaolin is 20 Wt.-% for HTK54 and HTK84 in composite cements. The 30 – 40 Wt.-% levels 
for HTK54 and HTK84, which have the water demand of 40 – 45 Wt.-%, can be combined with 
CEM I 42.5 N only when: (1) a dry superplasticizer (powder) is added to cement powder; or (2) a 
kind of superplasticizer is added in to the solution during the mix process of concrete. 
Nevertheless, DQK53 and DQK83 can be used up to 40 Wt.-% to make composite cement 
(water demand ≤ 35 Wt.-%).  
Table 8.1 Effect of metakaolin levels on setting time (CEM I 42.5 N: 27Wt.-%, 130min/190min) 
20 Wt.-% 30 Wt.-% 40 Wt.-% 
Setting time 
[min] 
Setting time 
[min] 
Setting time 
[min] 
 
Water 
demand 
[Wt.-%] Initial Final 
Water 
demand 
[Wt.-%] Initial Final 
Water 
demand 
[Wt.-%] Initial Final 
HTK54 35 130 220 40 135 225 44 140 235 
HTK84 35 120 190 40 140 220 45 155 230 
DQK53 30 115 170 32 120 175 34 125 180 
DQK83 31 120 210 33 120 215 35 130 215 
Table 8.2 Effect of metakaolin surfaces on setting time 
Metakaolin 
Setting time [min] CEM I 52.5 N 
[Wt.-%] Content, type [Wt.-%, type] 
BET surface 
[m2/g] D50 [µm] 
Water demand 
[Wt.-%] 
Initial Final 
100 0   30 140 220 
80 20, HTK54 24.6 7.3 39 160 220 
80 20, HTK84 22.6 7.0 39 165 205 
80 20, DQK53 18.0 6.3 34 140 210 
80 20, DQK83 17.2 5.7 36 150 200 
80 20, GMK 10.1 3.8 38 135 195 
The combination between Portland cement with a high water demand (CEM I 52.5 N, water 
demand 30 Wt.-%) and metakaolin is even more choosing as shown in Table 8.2. Only 20 Wt.-% 
metakaolin used in composite cement led to a rise of water demand up to 34 – 39 Wt.-%. The 
BET surface and D50 have an important effect on this behaviour. HTK54/HTK84 (24.6/22.6 
m2/g) and GMK (D50 of 3.8 µm) induced a strong increase in water demand up to 38 – 39 Wt.-%. 
As a result, it is recommended that a composite cement using a high metakaolin level should be 
combined with a low water demand of Portland cement. 
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Table 8.3 shows the spread-flowability of cement pastes with respect to BET surface and PSD. 
An increase of BET surface as well as a reduction of D50 in metakaolin reduced the spread-
flowability of blended paste. The same reduction of spread-flowability in blended pastes (26.5 
cm of the control down to 18.0-18.5 cm of HTK54/HTK84/GMK blended pastes) was seen for 
the sample having the high BET surface (HTK54/HTK84) and another sample having the 
smallest D50 (GMK). This result confirmed the similarities in water demand between 
HTK54/HTK84 and GMK blended pastes in Table 8.2. However, in order to get a similar 
spread-flowability, the high performance mortar of HTK84 (high BET surface) has to use more 
superplasticizer than that of GMK (low D50) as shown in Table 8.4. 
Table 8.3 Effect of metakaolin on spread-flowability of cement pastes (the w/c and w/b of 0.5). 
Metakaolin CEM I 52.5 N 
[Wt.-%] [Wt.-%, type] BET surface [m2/g] D50 [µm] 
Spread-
flowability 
[cm] 
100 0   26.5±0.5 
80 20, HTK54 24.6 7.3 18.0±0.5 
80 20, HTK84 22.6 7.0 18.5±0.5 
80 20, DQK53 18.0 6.3 21.5±0.5 
80 20, DQK83 17.2 5.7 21.5±0.5 
80 20, GMK 10.1 3.8 18.5±0.5 
 
 
Table 8.4 Effect of metakaolin on spread-flowability of high performance mortar (the cement / 
binder:sand:water ratio of 1/1:2:0.3) with respect to superplasticizer  
 
 Superplasticizer [Wt.-%] Spread-
flowability [cm] 
100 Wt.-% CEM I 52.5 N 1.8 21.0±1.0 
80 Wt.-% CEM I 52.5 N + 20 Wt.-% HTK 84 2.5 19.5±0.5 
80 Wt.-% CEM I 52.5 N + 20 Wt.-% DQK 83 2.0 20.5±0.5 
80 Wt.-% CEM I 52.5 N + 20 Wt.-% GMK 2.0 21.5±0.5 
100 Wt.-% VPC 40 0.8 24.0±1.0 
80 Wt.-% VPC 40 + 20 Wt.-% HTK 84 1.2 20.5±0.5 
80 Wt.-% VPC 40 + 20 Wt.-%DQK 83 1.0 21.5±0.5 
80 Wt.-% VPC 40 + 20 Wt.-%GMK 1.0 22.5±0.5 
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8.3 Strength  
8.3.1 Strength of mortars in dependence of different replacement level of metakaolin 
Figure 8.1 shows the strength of mortars containing metakaolin at the cure temperature of 8 oC. 
The compressive strength of mortars containing HTK54 was found to be lower than that of the 
control mortar CEM I 42.5 N during the early stages of the hydration process (days 2 and 7). 
Whilst mortars of HTK84 achieved a similar compressive strength to that of the control pure 
cement. After day 28, mortars with the 20 – 30 Wt.-% HTK54/HTK84 (shown as HTK54.20, 
HTK54.30, HTK84.20, HTK84.30 in Figure 8.1) showed a higher compressive strength than the 
control mortar. Metakaolin mortar with 40 Wt.-% HTK54 (HTK54.40 in Figure 8.1) showed a 
lower compressive strength than the control mortar, whereas metakaolin mortar with 40 Wt.-% 
HTK84 (shown as HTK84.40 in Figure 8.1) gained a higher compressive strength than that of the 
control mortar. It should also be noted that, strength for mortars containing HTK54 is always 
lower than those containing HTK84 with replacement levels from 20 – 40 Wt.-% of metakaolin. 
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(a) HTK54 (b) HTK84 
Figure 8.1 Strength development of mortars (form 40×40×160mm3, CEM I 42.5 N:metakaolin = 
100:0 / 80:20 / 70:30 / 60:40 Wt.-%, binder:sand = 1:3, w/b of 0.6, in water at 8 oC) 
 
At curing temperature of 20 oC the compressive strength of mortars containing HTK54 and 
HTK84 was lower than that of the control mortar CEM I 42.5 N after 2 days of the hydration 
process as shown in Figure 8.2. However after days 7 and 28, mortars containing HTK54 had a 
similar strength to the control mortar, whereas the strength of HTK84 mortars was higher than 
that of the control mortar.    
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(a) HTK54 (b) HTK84 
Figure 8.2 Strength development of mortars (form 40×40×160mm3, CEM I 42.5 N:metakaolin = 
100:0 / 80:20 / 70:30 / 60:40 Wt.-%, binder:sand = 1:3, w/b of 0.6, in water at 20 oC) 
At the cure temperature of 40 oC and after 2 days of the hydration process, the compressive 
strength of metakaolin mortars for HTK54 and HTK84 was always higher than that of the control 
mortar CEM I 42.5 N as seen in Figure 8.3. There was not much difference in the compressive 
strength of mortar containing HTK54 for the different replacement levels (different percentages) 
of metakaolin, whereas the increase in content of HTK84 led to the increase in compressive 
strength of mortars containing 20 – 30Wt.-% metakaolin.    
 
0
20
40
60
0 10 20 30
Curing time at 40oC [day]
C
o
m
pr
es
si
v
e 
st
re
n
gt
h 
 
 
[N
/m
m
2 ]
CEM I 42.5 N
HTK54.20
HTK54.30
HTK54.40 0
20
40
60
0 10 20 30
Curing time at 40oC [day]
Co
m
pr
es
siv
e 
st
re
n
gt
h 
 
 
[N
/m
m
2 ]
CEM I 42.5 N
HTK84.20
HTK84.30
HTK84.40
 
(a) HTK54 (b) HTK84 
Figure 8.3 Strength development of mortars (form 40×40×160mm3, CEM I 42.5 N:metakaolin = 
100:0 / 80:20 / 70:30 / 60:40 Wt.-%, binder:sand = 1:3, w/b of 0.6, in water at 40 oC) 
 
 
The same trends for compressive strength of mortar containing DQK53 / DQK83 and GMK were 
also observed in Figure 8.4 (DQK53 / DQK83) and Appendix 13.5 (GMK). 
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Figure 8.4 Strength development of mortars (form 40×40×160mm3, CEM I 42.5 N:metakaolin = 
100:0 / 80:20 / 70:30 / 60:40 Wt.-%, binder:sand = 1:3, w/b of 0.6, in water at 8-40 oC) 
 
 
8.3.2 Strength of metakaolin mortars in dependence of calcite addition 
One of the aims in producing composite cement is the reduction in clinker amount. In order to 
produce composite cement, calcite is often used because of its known advantages. Namely that it 
is easy to mix, convenient to transport, its favorable deposit locations, and its low cost. Calcite, 
normally used as a filler addition up to 5 Wt.-%, is known to react to cement as an active 
participant in the hydration process [226]. Calcite and metakaolin can be combined and used as 
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additions in composite cement. Due to their favorite together packing and the active factor of 
aluminum in metakaolin to calcite, a higher level of calcite (> 5 Wt.-%) can be used in composite 
cement [227]. For this reason, a strength investigation into metakaolin mortar (0 – 40 Wt.-% 
HTK84) with the presence of calcite (5 - 45 Wt.-%) was carried out as shown in Table 8.5.  
Table 8.5 The composition rate of blend powder in mortars  
 CEM I 42.5 N [Wt.-% ]  Metakaolin [Wt.-% ]  Calcite [Wt.-% ] 
CEM I 42.5 100  -  - 
45C.0HTK84 55   45 
25C.20HTK84 55 20 25 
15C.30HTK84 55 30 15 
5C.40HTK84 55 40 5 
 
0
20
40
60
0 10 20 30
Curing time [day]
C
o
m
pr
es
si
v
e 
st
re
n
gt
h 
 
.
 
[N
/m
m
2 ]
CEM I 42.5 N
45C.0HTK84
25C.20HTK84
15C.30HTK84
5C.40HTK84
 
Figure 8.5 The strength development of mortars (form 40×40×160 mm3, CEM I 42.5 N:calcite 
and metakaolin = 55:45, calcite:metakaolin = 45:0/25:20/15:30/5:40 Wt.-%, the binder:sand rate 
of 1:3, w/b of 0.6, in water at 20 oC, the control CEM I 42.5 N) 
 
The results in Figure 8.5 show that, the combination of 30 Wt.-% metakaolin and 15 Wt.-% 
calcite gave the highest strength of mortar. A similar strength was observed for the control 
mortar CEM I 42.5 N and mortar mixtures containing 20 Wt.-% metakaolin/25 Wt.-% calcite; 40 
Wt.-% metakaolin / 5 Wt.-% calcite. This indicates that the combination of metakaolin and 
calcite for composite cement is favorable, and that the optimal combination is 30 Wt.-% 
metakaolin and 15 Wt.-% calcite for the type of cement in this investigation. In combination with 
metakaolin, a high content of calcite (15 Wt.-%) in composite cement leads to an increase in 
strength. The reason for this behaviour could be due to: (1) the high content of aluminum in 
metakaolin could act as an activator for calcite, forming new hydration products, resulting in a 
density structure; (2) the favourable compaction of calcite causes a density structure of mortar. 
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A XRD investigation for lime paste was conducted as shown in Figure 8.6. The results gained 
show the formation of hydration products such as hemi/mono-carbonate, which confirms surely 
that calcite is activated by the aluminum within the metakaolin.  
The strength development of other Vietnamese metakaolins was investigated at the found 
optimum combination incase calcite (26 670 Blaine cm2/g - 8.32 BET m2/g, 2.71 g/cm3) was 
replaced by quartz powder (1 890 Blaine cm2/g, 2.66 g/cm3), see Figure 8.7. Gained results show 
that mortar of calcite provided a higher compressive strength than that of quartz powder, which 
confirms surely again that the high strength of mortars containing calcite is due to its favourable 
compaction. As such, the potential of calcite use with a high level in combination with 
metakaolin for composite cement is possible.   
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Figure 8.7 Strength development of mortars for HTK54/ HTK84 (form 40×40×160 mm3, CEM I 
42.5 N:metakaolin: calcite (C)/quartz powder (S) = 55:30:15/15 Wt.-%, the binder:sand rate of 
1:3, w/b of 0.6, in water at 20 oC) 
Figure 8.6 XRD analysis of hydrated 
lime paste (HTK84:CH=1:1, w/b 
0.75, 20 oC, 100 %RH, 26 months).  
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Figure 8.8 Strength development of mortars (form 40×40×160 mm3, CEM I 42.5 
N:metakaolin:calcite = 55:30:15 Wt.-%, the binder:sand rate of 1:3, w/b of 0.6, in water at 20 
oC) 
 
The strength development of other Vietnamese metakaolins and GMK was also investigated at 
the found optimum combination (CEM I 42.5 N:metakaolin:calcite=55:30:15 Wt.-%), see Figure 
8.8. As shown, both HTK84 and HTK54 induced a similar strength of mortars at 28 days to the 
control CEM I 42.5 N (see Figure 8.8.a). However, for both DQK83 and DQK53, a lower 
strength of their mortars was determined as compared to the control CEM I 42.5 N (see Figure 
8.8.b). The commercial product GMK showed a lower strength of mortar as compared to that of 
HTK84 (see Figure 8.8.a).     
 
8.3.3 High performance mortar 
Figure 8.9 shows the compressive strength of HPM for CEM I 52.5 N (see Figure 8.9.a) and 
VPC 40 (see Figure 8.9.b).  
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Figure 8.8 Compressive strenght of HPM (the cement / binder:sand:water ratio of 1/1:2:0.3) 
containing 20 Wt.-% metakaolin, in water at 20 oC.  
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On days 7 and 28 of the hydration process, samples with metakaolin had a higher compressive 
strength in comparison with the control CEM I 52.5 N and VPC 40. After 360 days of the 
hydration process, the compressive strength of samples containing metakaolin (HTK84, DQK83) 
was similar to that of the control (CEM I 52.5 N). Vietnamese metakaolins (HTK84, DQK83) 
achieved the same compressive strength as commercial metakaolin GMK on early days of the 
hydration process, whereas GMK showed a higher strength than HTK84 and DQK83 on the later 
days of the hydration process. 
8.3.4 Porosity of high performance mortar 
This investigation was conducted with intact samples of HPM prisms (see section 8.3.3) by MIP 
(see section 4.2.4) as shown in Figure 8.10. For the durability of high performance concrete, the 
most destructive size of pores is larger than 50 nm which critically affect the permeability 
parameter [135]. Thus, the porosity of high performance mortar is determined and classified by a 
median pore diameter of 50nm. In comparison with the control sample CEM I 52.5 N, mortars 
containing metakaolin showed a smaller volume of pores larger than 50 nm. The volume of 
destructive pores (larger than 50 nm) was almost the same for GMK, HTK84 and DQK83 
mortars.    
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Figure 8.10 Prosity of HPM (the cement / binder:sand:water ratio of 1/1:2:0.3) containing 20 
Wt.-% of metakaolin, in water at 20 oC for 28 days.  
8.4 Discussion 
It is inferred from Tables 8.1-2 that, an increase in BET surface of metakaolin increased the 
initial setting time of cement pastes, but this influence of BET surface is absent in final setting 
time. Depending on the results of water demand (normally smaller than 35 Wt.-%), 20-40 Wt.-% 
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DQK53/DQK83 can be used for making composite cement, while a solution to reduce the water 
demand is needed for producing composite cement containing more than 20 Wt.-% 
HTK54/HTK84.  
Also it is inferred from Tables 8.3-4 that, the correlation between BET surface of metakaolin and 
spread-flowability of cement pastes and HPM is not always obvious, especially in the case of 
GMK, the commercial metakaolin.      
The results of compressive strength on mortars in Figures 8.1-3 infer that, on early days of the 
hydration process (days 2 and 7) cure temperature strongly influences the compressive strength 
of metakaolin mortar. The lower curing temperature (8 oC) of mortar prisms, the lower of  their 
compressive strength on early days. Thus, it is assumed that, at a higher curing temperatures (40 
oC), the pozzolanic reaction of metakaolin promotes the higher compressive strength of its 
mortar. The compressive strength of mortar cured at 8 to 40 oC for 2 days increased from 9 to 24 
N/mm2 for HTK54, and from 12 to 33 N/mm2 for HTK84. Over 28 days of curing, the 
temperature only slightly influenced the compressive strength of metakaolin mortar. The increase 
in compressive strength of mortar cured at 8 to 40 oC for 28 days was 11 N/mm2 for both HTK54 
and HTK84. In general, the compressive strength of metakaolin mortars is higher or similar to 
that of the control Portland cement mortar after 28 days at all temperatures (8 – 20 – 40 oC). The 
compressive strength of metakaolin mortars is decreased in order of HTK84 ≥ DQK83 ≥ HTK54 
≥ DQK53 after 28 days of the hydration process.       
It can be inferred from Figures 8.5-7 that, calcite is not only a filler addition but also an active 
one in composite cement using metakaolin. As seen in Figure 8.8, with the addition of 30 Wt.-% 
HTK54 or HTK84 and 15 Wt.-% calcite, 45 Wt.-% of Portland cement clinker was reduced in 
composite cement without its reduction in strength as compared to the control (100 Wt.-% 
cement). However, the addition of DQK53 or DQK83 induced a lower strength of mortar as 
compared to the control. This indicates that the use of DQK53 and DQK83 for composite cement 
is not successful with respect to strength. 
In summary, depending on the intended aim of composite cement and weather conditions of cure, 
each Vietnamese metakaolin (HTK54, HTK84, DQK53, DQK83) can be used as follows: (1) A 
composite cement with a low water demand should be combined with DQK53 or DQK83; (2) A 
high strength of composite cement is gained by using HTK84. However, in the case of high cure 
temperature (40 oC) HTK54, DQK53 and DQK83 achieved a similar strength to HTK84; (3) For 
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reducing CO2 emissions, a composite cement containing metakaolin and calcite is proposed that 
by application of HTK54 or HTK84, it allows a reduction in 45 Wt.-% Portland cement clinker. 
8.5 Concluding remarks 
The following conclusions were drawn: 
(1) The presence of metakaolin creates an increase in water demand and mainly affects the initial 
setting time although the final setting time is slightly influenced. An increase in BET surface of 
metakaolin increased the initial setting time of cement pastes, but this influence of BET surface 
is absent in final setting time. 
(2) Depending on the results of water demand (normally smaller than 35 Wt.-%), 20 - 40 Wt.-% 
DQK53/DQK83 can be used for producing composite cement, while a solution to reduce the 
water demand is needed for producing composite cement containing more than 20 Wt.-% 
HTK54/HTK84.  
(3) The temperature strongly influences the compressive strength of metakaolin mortar on the 
early days of the hydration process, while in later days of the hydration process this influence is 
only limited. The lower / higher curing temperature (8 / 40 oC) of mortar prisms, the lower / 
higher of  their compressive strength on early days.  
(4) Both HTK84 and DQK83 contribute to the increase in strength of HPM. The porosity of 
HPM seemed not to be significantly influenced by different metakaolins in comparison between 
Vietnamese metakaolins HTK84 and DQK83 and the commercial product GMK.  
(5) The main purpose of this study is to determine the possibility of producing Vietnamese 
metakaolin as a replacement for other additives in the manufacture of composite cement. 
Depending on the intended use of composite cement and weather conditions of cure, each 
Vietnamese metakaolin (HTK54, HTK84, DQK53, DQK83) can be used appropriately as 
follows: 
- A composite cement with a low water demand should be combined with DQK53 or 
DQK83;  
- A high strength of composite cement is gained by using HTK84. However, in the case of 
high cure temperature (40 oC) HTK54, DQK53 and DQK83 achieved a similar strength 
to HTK84;  
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- A composite cement that aims to reduce CO2 emissions and to improve economics of 
cement prodcuts should added metakaolin and calcite. It is proposed that by adding 
HTK54 or HTK84, it allows a reduction in 45 Wt.-% Portland cement clinker without the 
strength reduction. 
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9. Influence of metakaolin in mitigating ASR   
9.1 Induction 
There are already quite a number of testing methods for ASR. For example, in concrete prism 
testing method there are the standards ASTM C1293 [228] and CAN/CSA A23.2 – 14A [229] as 
well as the FIB cyclic climate storage [230]. Within these tests, reactive aggregates and high-
alkali cement are added into the mixture. The ASR risk can also evaluated by measuring the 
expansion of mortar bars that are soaked in NaOH solution [231, 232] and / or contain reactive 
quartz sands [233]. Additionally tests to determine the OH- concentration in aqueous phase of 
cement pastes are used to assess the threshold of sustaining ASR as well as maintaining steel 
passivation [234, 235, 236, 237]. In this study, the expansion limit of mortar prisms containing 
reactive quartz sand according to the German Alkali-Guideline (2007) alternative method for 
ASR [233] was chosen because it is an accelerated test. This test has been described in greater 
detail in section 4.5.1.  
The results in sections 6 and 7 showed that, the presence of residual water within the metakaolin 
structure correlated with a high BET surface. Metakaolin due to its high BET surface is known to 
have a higher lime consumption. Metakaolin with its pozzolanic feature could provide an alkali 
binding potential. Thus, it is assumed that metakaolin could mitigate ASR behaviour of concrete. 
The mitigation degree of ASR may vary in dependence of metakaolin types, i.e. with or without 
residual water. Therefore, the influence of two different kinds of metakaolin on the resistance of 
ASR was studied as follows. 
The first  type of metakaolins (HTK84, DQK83) contains no residual water, while the second 
type of metakaolins (HTK54, DQK53) does and show a larger BET surface. In addition, 
commercial products (GMK, MK402), which have no residual water and possess a finer particle 
size and the smallest BET surface, were tested in comparison with Vietnamese metakaolin. The 
properties for those metakaolins have already been specified in section 5.2 and section 6.4. 
9.2 The expansion change of mortar prisms  
Figure 9.1 shows the expansion change of mortar prisms v.s curing time. Limit I (1.5mm/m) is 
the maximum expansion demand for the sufficiently non-reactive resistance in ASR, and limit II 
(2mm/m) is the maximum expansion demand for the potentially reactive resistance in ASR 
[238]. A mixture can be considered critical with respect to its ASR potential when the expansion 
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exceeds Limit II, whereas it can be considered uncritical when the expansion is smaller than 
Limit I. The expansion of mortar prisms containing metakaolin were very low and did not 
indicate any deleterious reaction like ASR. According to the German Alkali-Guideline (2007), an 
amount of 10 Wt.-% metakaolin seems to have the potential to mitigate ASR.  
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Figure 9.1 The expansion of mortar prisms (CEM I 32.5 R:metakaolin=100:0/90:10/80:20Wt.-
%, Binder:reactive quartz:solution=1:3:0.5, Water:NaOH:K2SO4=1:0.031:0.017, 100%RH, 
70oC)  
   
There was no significant difference in expansion change between metakaolin samples with 
residual water (HTK54 and DQK53) and without residual water (HTK84 and DQK83). This 
means that, the effect of residual water of metakaolin with regards to ASR could not be verified 
within this test. However, it is noted that, the use of 20 Wt.-% metakaolin showed a lower 
expansion change than that of 10 Wt.-% metakaolin. As more metakaolin was replaced by 
cement, a greater resistance to ASR was observed.  
The same behaviour of expansion change was also observed for GMK and MK402 (see 
Appendix 13.6). However, MK402 containing 7.8 Wt.-% of muscovite showed a higher 
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expansion than other metakaolins. This could be due to the release of K+ from muscovite 
KAl2[AlSi3O10.(OH)2] as shown before by [206, 207]. 
9.3 Ion binding of cement pastes in dependence of metakaolin  
In order to understand why metakaolin can mitigate ASR, a test for ion binding was performed as 
already described in section 4.5.2.  
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Figure 9.2 Ion concentration. (a, b) in the extracted solution, (c, d) per 1kg hydrated cement 
pastes (CEM I 32.5 R:metakaolin=100:0/80:20Wt.-%, w/b0.35, 100% RH, 20 oC). 
In cement pastes, the ion binding from two samples HTK54 and HTK84 in combination with a 
high alkali cement (CEM I 32.5 R, N2Oeq = 0.94) was investigated. The results are depicted in 
Figure 9.2. After two days of the hydration process, the alkali ion concentration of metakaolin 
pastes (80% CEM I 32.5 R, 20 Wt.-% metakaolin) was similar to that of the calculated diluted 
paste, and was smaller than that of 100 Wt.-% control sample. This means that, the reduction of 
ion concentration in metakaolin samples was caused by the dilution effect of cement. However 
after seven days of the hydration process, a strong reduction in alkali ion concentration was 
found for metakaolin samples (ca. 75% reduction). This indicates that after 7 days due to 
 - 79 - 
pozzolanic activity of metakaolin a significant amount of alkali can be bound to metakaolin by 
hydration phases. This should result in a reduction of the ASR risk in concretes.  
After 28 days, the amount of aqueous phase of metakaolin pastes was so low that no aqueous 
phase could be extracted. Thus, no results of alkali ion concentration are available. 
9.4 Microstructure of metakaolin during cement hydration 
After the first day of the hydration process in cement pastes, no pozzolanic reaction for high 
alkali cement pastes containing 20 Wt.-% metakaolin was observed by SEM (Nova NanoSEM 
230, FEI, Netherlands) as shown in Figure 9.3. The dissolution structure of metakaolin on its 
surface and edges was also not confirmed. However, the following day some dissolution 
structure points were seen in Figure 9.4.  
  
(a) HTK84 (c) HTK54  
 
 
(b) HTK84 after 1 day of hydration (d) HTK54 after 1 day of hydration 
Figure 9.3 SEM-SE imaging technique of metakaolin and cement pastes (CEM I 32.5 R 
(Na2Oeq 0.94):metakaolin = 80:20 Wt.-%, w/b = 0.38, 100% RH, 20 °C). 
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(a) DQK83 after 2 day of hydration (b) DQK53 after 2 day of hydration 
Figure 9.4 SEM-SE imaging technique of cement pastes (CEM I 32.5 R (Na2Oeq 
0.94):metakaolin = 80:20 Wt.-%, w/b = 0.38, 100% RH, 20 °C). 
  
  
(a) HTK84 - Dissolution from edges (c) HTK54 - Dissolution from edges 
  
(b) HTK84 - Dissolution on the surface+edges (d) HTK54 - Dissolution on the surface + edges 
Figure 9.5 SEM-SE imaging technique of cement pastes (CEM I 32.5 R (Na2Oeq 
0.94):metakaolin = 80:20 Wt.-%, w/b = 0.38, 100% RH, 20 °C) at 7 hydration days. 
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After 7 days of the hydration process, a strong pozzolanic reaction occurred on both the surface 
and edge of the metakaolin HTK84 / HTK54 (see Figure 9.5). The hydration products (e.g, C-S-
H, CASH phases) were formed in the space between two adjacent layers (see Figure 9.5.a+c) and 
on the surface structure of the layers (e.g, Figure 9.5.b+d).  
It is a well-known fact that the presence of alkali ion as chemical activator strongly promotes the 
occurrence of pozzolanic reactions. Thus, in combination with a lower alkali content cement 
CEM I 52.5 R (Na2Oeq = 0.47), less dissolution structure on the surface and fewer amount of 
hydration products between two adjacent layers of metakaolin was seen (see Figure 9.6).  
 
  
(a) HTK84-Hydration products between layers (c) HTK54 - Dissolution from edges 
  
(b) HTK84 - Dissolution on the surface+edges (d) HTK54 – Dissolution on the surface 
Figure 9.6 SEM-SE imaging technique of cement pastes (CEM I 52.5 R (Na2Oeq 
0.47):metakaolin = 80:20 Wt.-%, w/b = 0.38, 100% RH, 20 °C) at 7 hydration days. 
In comparison to HTK54 (with residual water), the dissolution of metakaolin surface was 
obvious for HTK84 (without residual water) as seen in Figures 9.5.b, 9.6.b and Figures 9.5.d, 
9.6.d. It should be noted that, a tendency of pozzolanic reaction occurred at first at the edge of 
 - 82 - 
particles for HTK54 (see Figure 9.6.c+d). While for HTK84 the tendency only occurred on the 
surface of metakaolin (see Figure 9.6.a+b). This behaviour can be explained as follows: HTK54, 
with the presence of residual water which causes a higher BET surface, shows a better ion 
adsorption capability (in the space between two adjacent layers) than ion exchange (on the 
surface). Thus, a high value of lime absorption (see Tables 7.2+3) and a reduced dissolution on 
the surface (see Figure 9.6) are the pozzolanic activity parameters of HTK54. In contrast, 
HTK84, without residual water which results in a lower BET surface, showed a greater ion 
exchange capability than compared to ion absorption capability. Therefore, a low value of lime 
adsorption (see Tables 7.2+3) and a better dissolution on the surface (see Figure 9.6) are the 
pozzolanic activity parameters of HTK84. The same behaviour of lime adsorption and structure 
dissolution was observed for DQK83 and DQK53 (see Tables 7.2+3 and Figure 9.7).  
  
(a) DQK83-Hydration products between layers (c) DQK53 - Dissolution from edges+ 
Hydration products 
  
(b) DQK83 - Dissolution on the surface (d) DQK53 – Dissolution on the surface+ 
Hydration products 
Figure 9.7 SEM-SE imaging technique of cement pastes (CEM I 32.5 R (Na2Oeq 
0.94):metakaolin = 80:20 Wt.-%, w/b = 0.38, 100% RH, 20 °C) at 7 hydration days. 
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9.5 Discussion 
Section 7 shows the consumption capability of free lime for metakaolin. Results in Figure 9.2 in 
this section also show a high capability of alkali binding for metakaolin. These both factors 
indicate the mitigation capability of metakaolin with respect to ASR (see Figure 9.1). Depending 
on these achieved results, the behaviour of ion binding for pozzolanic reaction of metakaolin  can 
be  explained by 3 activity parts as follows.  
- First activity part: This involves ion adsorption on the surface of hydrated metakaolin, 
whereby cations (e.g, Na+/K+ as seen Figure 9.2) from cement hydration process are 
adsorbed, or precipitated, or both adsorbed and precipitated into new hydration phases 
that are created from metakaolin [239, 240, 241].  
- Second activity part: This involves the dissolution of metakaolin structure, whereby 
Al3+/Si4+ are released from metakaolin to the aqueous phase (e.g, see Figure 9.6.b+d).  
- Third activity part: This involves ion absorption on the surface of metakaolin, whereby 
cations (e.g, Ca2+) from cement hydration process are consumed and bound on the surface 
of metakaolin to form hydration products (e.g, see Figure 9.7.a).  
As analysed above, the pozzolanic activity of metakaolin can be considered as a consequence of 
surface energy. For example, as compared to HTK84, a higher BET surface of HTK54 showed a 
higher absorption value of cations (as in the first and the third activity parts, e.g Figure 9.8) but 
less dissolution structure (second activity part, e.g, Figure 9.6).  
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Figure 9.8 Development of free ion concentration in pure lime pastes.  
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It can be inferred from Figures 9.5+6 that, the tendency of pozzolanic reaction firstly occurred on 
the edge of particles for HTK54, whilst the pozzolanic reaction started firstly on the surface of 
metakaolin for HTK84. These behaviours, analysed by atomic emission spectroscopy, were 
confirmed in 2009 by [242]. Kaolin (with all residual water) adsorbed calcium hydroxide not 
only at the edges of the clay particles but also on the basal faces, while metakaolin (fully 
dehydroxylated, no residual water) showed a quick formation of hydrated phases at the interfaces 
between metakaolin and lime solutions [242].  
9.6 Concluding remarks 
The following results were obtained: 
(1) The more metakaolin is replaced for cement, the greater resistance to ASR is gained. This is 
due to the behaviour of ion binding caused by the pozzolanic reaction of metakaolin. An amount 
of 10 Wt.-% metakaolin is enough to mitigate ASR according to the German Alkali-Guideline 
(2007) alternative method.  
(2) The pozzolanic reaction of metakaolin can be divided in three activity parts as follows: 
Firstly, alkali ion consumption by new hydration phases that are created from metakaolin. 
Secondly, dissolution of Al3+/Si4+ from metakaolin. Thirdly, ion absorption of Ca2+ and alkali on 
the surface of metakaolin. 
(3) The presence of residual water in the structure of metakaolin is favorable for high binding 
capabilities during the first and third activity parts of pozzolanic reaction.  
(4) Dissolution structure occurs on metakaolin containing residual water firstly on the edges of 
particles. Whereas, metakaolin without residual water dissolves primary at the surface. 
(5) The main aim of this study is also to determine the possibility of using Vietnamese 
metakaolin to produce concrete resisting ASR. The results gained show that metakaolin 
calcinated at low temperature 500 oC (HTK54/DQK53) reaches a similar resistance in ASR to 
metakaolin calcinated at high temperature 800 oC (HTK84/DQK83).  
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10. Influence of metakaolin in mitigating sulfate and sulfuric acid attacks 
10.1 Induction 
Vietnam has a long coastline (3.444 km [10]) and as such external sulfate and sulfuric acid 
attacks on concrete constructions often occur. Internal sulfate attack for concrete may also be an 
issue if sea sand or mixing water containing sea water is used in concrete production. External 
sulfate attack from sea water (ca. 2800 mg SO42-/l, [150]) for concrete constructions is simulated 
by tests where mortar bars are immersed in the solution of Na2SO4 (3000 mg SO42-/l). Sulfuric 
acid attack may occur due to the influence of waste water from industries processing seafood. 
This influence is simulated by tests where mortar bars are exposed to the solution of H2SO4 1 
Wt.-%.  
The decomposition of seafood creates sulfide ion (S2-) in the form of hydrosulfuric acid (H2S) 
with the presence of H2O [243, 244, 245]. In this way, H2S concentration offen exceeds the 
maximum level  of Vietnam standards by 4.2 times [246]. In the presence of Cl- (availability in 
Vietnam due to the long coastline) in combination 
with H2O and  H2S, the transformation as shown by 
the following reaction: H2S + 4Cl2 + 4H2O -> 
H2SO4 + 8HCl [247] takes place. The vary acidic 
environment caused by this reaction destroyed 
portland cement concrete as seen in Figure 10.1.  
 
10.2 Expansion change due to external sulfate attack 
Figure 10.2 presents the influence of metakaolin on the appearance of mortar bars exposed to 
Na2SO4 solution (3000mg SO4-2/l) at 20 oC. After 18 months of the hydration process, in total 7 
bars which were made by mortar with 10 Wt.-% metakaolin, 4 bars were visually destroyed as 
shown in Figure 10.2. The edges of 4 destroyed bars were decomposed by the corrosion resulting 
in the softening and fractured phenomena. Expansion measurements on 4 destroyed bars could 
not be carried out due to the absence of actual probe length. After 22 months of the hydration 
process, total 7 bars containing 10 Wt.-% metakaolin were fractured with the presence of 
softening phenomena. However, all mortar bars with 20 Wt.-% metakaolin did not show any 
signs of disintegration due to external sulfate attack. The edges of the control mortar bars (only 
 
Figure 10.1 Effectiveness of waste water 
on concrete in Vietnam [248] 
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with VPC 40) were also slightly corroded. This is observed that sands were exposed instead of 
the protection cement for surface layer in these edges as shown in Figure 10.2.    
 
 
(a) The control mortar, 100%VP 40 (b) Mortar with 10%HTK84 and 90%VPC 40 
Figure 10.2 Appearance of mortar bars (binder:sand:water = 1:3:0.6, 10×40×160 mm3) after 18 
hydration months in the solution Na2SO4 (3000mg SO4-2/l) at 20 oC. 
Figure 10.3 shows the results of expansion measurement on mortar bars exposed to external 
sulfate attack in Na2SO4 solution (3000mg SO4-2/l) at 20 oC up to 22 months. After 18 months of 
the hydration process, the length of the mortar bars containing 10 Wt.-% of metakaolin strongly 
increased, i.e. the expansion of these mortar bars went up to 2.77 mm/m, causing cracks and 
fractures. In contrast, these serious changes of length were not detected in mortars containing 20 
Wt.-% metakaolin and the control mortar bars VPC 40. They showed no serious changes of 
length as shown in Figure 10.3.  
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Figure 10.3 Expansion of mortar bars (VPC 40:metakaolin=100:0 / 90:10 / 80:20 Wt.-%, 
binder: sand: water = 1:3:0.6, 10×40×160 mm3) after 22 hydration months in the solution 
Na2SO4 (3000mg SO4-2/l) at 20 oC. 
As shown in Figures 10.2+3, the resistance of sulfate attack  was promoted in order as follows: 
mortar with 10Wt.-% metakaolin <<  mortar with 20Wt.-% metakaolin < the control mortar. 
10.3 Strength change due to sulfuric acid attack 
Figure 10.4 shows the influence of metakaolin on the appearance of mortar bars exposed to 
H2SO4 solution (1 Wt.-%) at 20 oC after 19 months of the hydration process. The edges of all 
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mortar prisms (3 prisms) containing 0 - 10 Wt.-% of metakaolin were visually fractured. 
However, all mortar prisms containing 20 - 30 Wt.-% metakaolin were not eroded.  
 
 
 
(a) Control mortar, 100%CEM I52.5 N ( c) Mortar with 20%HTK84+80%CEM I52.5 N 
 
 
(b) Mortar with 10%HTK84+90%CEM I52.5 N ( d) Mortar with 30%HTK84+70%CEM I52.5 N 
Figure 10.4 Appearance of mortar prisms (binder:sand:water = 1:3:0.6, 40×40×160 mm3) after 
19 hydration months in the solution H2SO4 1Wt.-% at 20 oC. 
 
The compressive strength of mortar prisms with 0 - 10 Wt.-% metakaolin was not tested due to 
their deteriorated status as shown in Figure 10.4. However, the strength of all other samples was 
determined, and the results are shown in Figure 10.5. This reveals that mortars containing 20 – 
30 Wt.-% of metakaolin showed a very strength maintenance during sulfuric acid attack.  
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Figure 10.5 Compressive strength of HTK84 mortar prisms (binder:sand:water=1:3:0.6, 
40×40×160 mm3) after 19 months in H2SO4 1Wt.-% at 20 oC, the control CEM I 52.5 N.  
As shown in Figures 10.4+5, the resistance of sulfuric acid attack was promoted in order as 
follows: the control mortar ≈ mortar with 10 Wt.-% metakaolin <  mortar with 20 Wt.-% 
metakaolin ≈ mortar with 30 Wt.-% metakaolin. 
10.4 Ion binding in cement and lime pastes 
It can be inferred from Figures 10.2-5 that, the content of 20 Wt.-% metakaolin is effective 
enough to resist external sulfate and sulfuric acid attacks. The reason why 20 Wt.-% metakaolin 
can mitigate sulfate attack and sulfuric acid attack is due to ion binding of metakaolin as 
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analysed in section 9.5, Figure 9.2. Moreover, after 7 days of the hydration process, almost all the 
SO42- from the cement hydration process was consumed by the pozzolanic reaction of metakaolin 
in the cement paste with 20 Wt.-% metakaolin as shown in Figure 10.6.  
The results in Figure 10.7 indicate that metakaolin can quickly absorb a great amount of SO42-. 
Even after 2 days of the hydration process, almost 447 mmol SO42-/l (i.e. 44.5 g/l or 15 times 
more than the SO42-concentration of seawater) was consumed by metakaolin in lime pastes. This 
indicates a potential of using sea sand or water containing sea water in the composition of 
metakaolin concrete. 
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Figure 10.6 Development of ion concentration in cement pastes. (a) in the extracted solution, (b) 
per 1kg hydrated cement pastes (CEM I 32.5 R:metakaolin=100:0/80:20Wt.-%, w/b0.35, 100% 
RH, 20 oC).    
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Figure 10.7 Development of ion concentration in hydrated lime pastes (metakaolin: Ca(OH)2: 
Na2SO4 = 1:1:0.1, w/b 0.75, 100% RH, 20 oC).   
10.5 Surface structure of metakaolin and formed hydration products  
In order to clearly observe the microstructural development of metakaolin during sulfate attack, 
SEM analysis (Nova NanoSEM 230, FEI, Netherlands) was performed. 
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(a) at 2 days of hydration (b) at 7 days of hydration 
Figure 10.8 SEM-SE imaging technique of hydrated lime pastes (metakaolin HTK84 
:Ca(OH)2:Na2SO4= 1:1:0.1, w/b 0.75, 100% RH, 20 oC) 
The dissolution quickly occurred on the surface and edges of metakaolin after 2 -7 days of the 
hydration process as shown in Figure 10.8 in comparison with Figures 9.4+6. Dissolution voids 
indicate that ions were released from metakaolin surface and as such a strong ion exchange 
(second activity part) took place, destroying the surface structure of metakaolin (see Figure 
10.8.a). Also, the hydration products were created quickly. Thus, on the day 7 of the hydration 
process the structure dissolution of metakaolin surface is almost not visible due to the 
obscuration of surface by hydration products such as AFt, which densifies the structure [249].  
 
Table 10.1 Hydration products analysed by XRD for hydrated pastes+  
(metakaolin HTK84:Ca(OH)2:Na2SO4= 1:1:0.1, w/b 0.75, 20 oC) 
2days C-S-H / SiO2 
Portlandite - Ca(OH)2  
 
 
 
2 
months 
C-S-H / SiO2 
Portlandite - Ca(OH)2  
 Ettringite – Ca6Al2(SO4)3(OH)12.26H2O 
 Stratlingite - Ca2Al2SiO7⋅H2O 
 Katoite – Ca3Al2(SiO4)3-x(OH)4x (x=1.5-3.0) 
7days C-S-H / SiO2 
Portlandite - Ca(OH)2  
 Monosulfate - 
C4Al2SO10⋅12(H2O) 
18 
months 
 C-S-H / SiO2 
 Ettringite – Ca6Al2(SO4)3(OH)12.26H2O 
 Stratlingite - Ca2Al2SiO7⋅H2O 
 Katoite – Ca3Al2(SiO4)3-x(OH)4x (x=1.5-3.0) 
+ pastes after squeezing device has used  
 
Table 10.1 shows the hydration products v.s time of lime pastes with the presence of Na2SO4. 
Al3+/Si4+, released from the metakaolin surface, reacted with Ca2+ and SO42- to create mono-
sulfate, ettringite, katoite, and stratlingite phases. Mono-sulfate was formed in early days, but its 
presence was absent in further hydration period. Which could be in turn changed into ettringite 
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over further hydration duration. A new hydration product katoite and stratlingite also appeared 
when the reaction continued, while most of portlandite was consumed after 18 months of the 
hydration process. The absence of portlandite indicates that 18 months is long enough for the 
determination of sulfate and acid attacks. This matches achieved results in Figures 10.3+5. 
10.6 Porosity of mortar prisms 
The porosity factor can cause the destroying of mortar bars during sulfate and sulfuric acid 
attacks. Therefore, an investigation of porosity on mortar prisms before sulfate and sulfuric acid 
attacks take place to them was conducted. The results are shown in Table 10.2. The volume of 
total porosity was similar in mortar prisms containing 0 – 20 Wt.-% metakaolin. However, the 
volume of pores (> 50 nm) for metakaolin mortar prisms was decreased in order as follows: 
control mortar > mortar with 10 Wt.-% metakaolin ≈ mortar with 20Wt.-% metakaolin. This 
indicates that the resistance to sulfate and sulfuric acid attacks should be promoted in order as 
follows: the control mortar < mortar with 10 Wt.-% metakaolin ≈  mortar with 20 Wt.-% 
metakaolin. This order does not match to the gained results in increasing expansion of bars by 
sulfate attack (Figures 10.2+3) and reducing compressive strength of prisms by sulfuric acid 
attack (Figures 10.4+5). Deterioration significantly occurred for mortar bars with 10 Wt.-% 
metakaolin. This indicates that, porosity factor does not play a role for sulfate and sulfuric acid 
attacks in this study. 
Table 10.2 Porosity of mortar prisms in water at 20 oC after 28 days.   
(binder:sand:water = 1:3:0.6, 40×40×160 mm3) 
 
Total porosity 
[V.%] 
Porosity >50nm 
[V.%] 
Average Pore 
Radius  [µm] 
100 Wt.-% VPC 40 14.50 7.02 0.014 
90 Wt.-% VPC 40+10 Wt.-% HTK84 14.68 2.68 0.009 
80 Wt.-% VPC 40+20 Wt.-% HTK84 13.85 2.73 0.009 
10.7 Microstructure and XRD analysis  
Expansion hydration products often causes the deterioration of mortar and concrete products 
during sulfate and sulfuric acid attacks in the formation of softening and cracking phenomena, 
expansion, and strength reduction. SEM (Nova NanoSEM 230, FEI, Netherlands and Philips, XL 
30 SEM-FEG) analysis is used to monitor the formation of secondary hydration products at 
micro-cracks as shown in Figures 10.9+10. Hydration products that are found are a together 
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formation of ettringite and thaumasite, gypsum, and thaumasite. The formation of gypsum and 
ettringite has been well documented in these particular conditions. The formation of gypsum is 
due to the high concentration of SO42-, which may in turn cause expansion [250]. Ettringite with 
the addition of 32 water molecules in its crystal structure clearly plays a role in volume 
expansion. However, the formation of thaumasite during study investigations is surprising as this 
does not usually occur. Details for formation of thaumasite is explained later. 
 
(a) overview on a micro-crack (b) ettringite and thaumasite 
Figure 10.9 SEM (Philips, XL 30 SEM-FEG) of mortar (VPC 40:metakaolin HTK84= 90:10 
Wt.-%, binder: sand: water = 1:3:0.6, 10×40×160 mm3) after 18 hydration months in solution 
Na2SO4 (3000mg SO4-2/l) at 20oC. 
 
 
(a) Gypsum (b) Thaumasite 
Figure 10.10 SEM (Nova NanoSEM 230, FEI, Netherlands) of micro-cracks in mortar (CEM I 
52.5 N:metakaolin HTK84= 90:10 Wt.-%, binder: sand: water = 1:3:0.6, 40×40×160 mm3) 
after 19 hydration months in solution H2SO4 (1 Wt.-%) at 20 oC. 
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In order to see clearly whether or not the hydration products cause expansion, a XRD 
examination of the control cement paste and metakaolin pastes was conducted in Figure 10.11. 
Mono-sulfate (converting to ettringite) was not present in the control cement paste, while the 
paste with 10 Wt.-% metakaolin contained mono-sulfate. The peak intensity of mono-sulfate was 
very weak (almost invisible) in the paste with 20 Wt.-% metakaolin. 
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(a) Cement paste with 10 Wt.-% HTK84 
(above) 
The control cement paste VPC 40 (below) 
(b) Cement paste with 20 Wt.-% HTK84 
(above) 
The control cement paste VPC 40 (below) 
Figure 10.11 XRD analysis of cement paste (VPC 40:metakaolin =100:0/80:20 Wt.-%, 
binder:water=1:0.5) after 28 days at 100% RH in 20 oC.  
1-ettringite, 2-mono-sulfate, 3_mono-carbonate, 4_Brownmillerite. 
 
10.8 Discussion 
10.8.1 Dependence of deterioration on the level of metakaolin content  
It is generally known that deterioration due to sulfate and sulphuric acid attacks results from the 
formation of AFt/AFm phases and the dissolution of C-S-H phases [150]. These processes are 
governed by the concentration of Ca2+, Al3+ / Al(OH)4-, SO42- ions and alkali content in aqueous 
phase as well as porosity status [48, 157, 251, 252]. Also it is known that harmful large pores, 
with a size larger than 50 nm, can increase the permeability parameter [135], which leads to the 
increase in the permeability of solution (SO4-2/l) from outside to form expansion hydration 
products [253]. As more metakaolin is used in the mixture, the frequency of harmful large pores 
decreased [138, 72, 140].  
This section of the study considers the reasons why during sulfate and sulfuric acid attacks on  
mortars with 10 Wt.-% metakaolin, its resistance was not sufficient. On the other hand, the 
control mortar (VPC 40, CEM I 52.5 N) and mortar with 20 Wt.-% metakaolin showed a 
sufficient resistance. Within the line of this discussion, the results of the current study show that: 
1 2 3 4 1 2 3 4 
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(1) The usage of 10 Wt.-% metakaolin in the composition of mortar bars/prisms provided a 
less resistance to sulfate and sulfuric acid attacks (Figures 10.2-5). 
(2)  The volume of harmful large pores (larger than 50 nm) is similar in mortar prisms 
containing 10 - 20 Wt.-% metakaolin (see Table 10.2).     
(3) The secondary hydration products such as a formation of ettringite - thaumasite together 
and gypsum were found in micro-cracks of mortar bars/prisms containing 10 Wt.-% 
metakaolin (Figures 10.9+10) 
(4) Mono-sulfate was present in the cement paste with 10 Wt.-% metakaolin, whereas it is 
almost absent in cement paste with zero or with 20 Wt.-% metakaolin as shown in Figure 
10.11. 
(5) Mono-sulfate was transformed into ettringite in further hydration period as seen in Table 
10.1. Furthermore, it is known that both ettringite and mono-sulfate are formed more 
quickly in the system of cement – metakaolin – calcite than in the control cement [254]. 
As such, in further hydration period if SO42- is present, the transformation of mono-
sulfate into ettringite is possible.  
Taken together, five results above indicate that (1) the destruction of mortar bars / prisms with 10 
Wt.-% metakaolin is not in dependence of porosity status (2) this destruction of mortar 
bars/prisms with 10 Wt.-% metakaolin could be due to the more transformation of mono- sulfate 
into ettringite in further hydration time (mono- sulfate/more ettringite formation) as follows.  
Both cements VPC 40 and CEM I 52.5 N have the same Na2Oeq value of 0.79, which  is a normal 
alkali content. As a result, the speed of hydration reaction for cement and of pozzolanic reaction 
for metakaolin is normally gradual. It is known that, the speed rate of ettringite formation from 
Al3+
 
of metakaolin is faster than that from Al(OH)4- (C3A and C4AF) of cement at the 
temperature of 20 oC [128, 255, 256]. Thus, the formation of mono-sulfate/more ettringite from 
Al3+
 
of metakaolin takes place continuously unless there is not enough SO42- (contributing to the 
mono-sulfate/more ettringite formation) and Ca2+ available (activating metakaolin). Based on the 
dates of porosity shown in Table 10.2, it is assumed that the transport of SO42- (from outside, 
Na2SO4 or H2SO4) is similar in samples with 10 and 20 Wt.-% metakaolin. Therefore, the 
available content of Ca2+ (from C3S, C2S, C3A and C4AF) and SO42- (from CaSO4) mainly 
influences the variation in mono-sulfate/more ettringite content for samples with 10 and 20 Wt.-
% metakaolin. Compared to the mortar with 20 Wt.-% metakaolin, the lesser the metakaolin 
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content (10 Wt.-%) added into mortar, the greater the possibility of mono-sulfate/more ettringite 
formation. This is due to the greater availability of SO42-, Ca2+ and Al3+ / Al(OH)4- from mortar 
with 10 Wt.-% metakaolin as shown in Table 10.3. The control mortars VPC 40/CEM I 52.5 N, 
however, possess only Al(OH)4- (without Al3+ from metakaolin) so less mono-sulfate/more 
ettringite formation is created as compared to the mortar with 10 Wt.-% metakaolin. As analysed, 
significant deterioration during sulfate attack occurred for mortars with 10 Wt.-% metakaolin as 
a result of the greater formation of mono-sulfate/more ettringite as shown in Table 10.3 and 
Figure 10.11.  
Table 10.3 The predicted mass of ions during the hydration process  
  SO42- (Na2SO4 
or H2SO4) 
SO42- 
(CaSO4) 
Ca2+ 
(C3S, C2S, 
C3A and 
C4AF) 
Al(OH)4- 
(C3A, C4AF) 
Al3+ 
(Al2O3.2SiO2) 
The control mortar XXX XXX XXX XXX X 
Mortar with 10Wt.-%MK XX XX XX XX XX 
Mortar with 20Wt.-%MK XX X X X XXX 
Therefore the 20 Wt.-% metakaolin level is required to provide good resistance against sulfate 
and sulphuric acid attacks for Vietnamese metakaolin mortar. A similar level of metakaolin is 
observed for a mortar in the study of [157], which indicates that at least 15 Wt.-% metakaolin is 
considered necessary to provide good sulfate resistance. The 20 Wt.-% level of Vietnamese 
metakaolin for sulfate resistance is higher than of some other metakaolin in the world (7-10 Wt.-
%) studied by [159, 158, 161]. The reason for such a difference in the metakaolin level may be 
caused by experimental conditions chosen. In this study, normal mortar (w/b 0.6) was used, 
whereas samples in other studies [159, 158, 161] are normal concretes and HPC (w/b < 0.6).  
In summary, the composite cement containing less than 20 Wt.-% metakaolin has a lesser 
resistance to external sulfate attack than compared to pure cement, while the composite cement 
containing 20 Wt.-% metakaolin has a better resistance against sulphuric acid attack than pure 
cement.  
 
10.8.2 Thaumasite formation 
Normally in cement system [162, 163, 164, 257], thaumasite is formed in cool temperatures (0 – 
15 oC ). Investigations at a temperature of  20 oC for a year could not show a proof for the 
presence of thaumasite [163]. However it has been suggested that a small quantity of thaumasite 
 - 95 - 
can be formed even at room temperature [258, 259] due to the degree of carbonation, type and 
concentration of sulfate solutions as well as pH of the pore solution [260, 261]. Thaumasite may 
also be produced in field exposures at normal temperatures [262, 261, 263]. Furthermore studies 
suggest that thaumasite appears to be stable and to remain in the concrete regardless of 
subsequent temperature changes [263]. 
Mortar prisms containing 10 Wt.-% of metakaolin show the presence of thaumasite at a cure 
condition of 5 oC, whereas the presence of thaumasite is not observed in cure conditions of  25 
oC and up to 60 months [260]. However in this current study, as seen in Figures 10.9+10, 
thaumasite formation in micro-cracks of mortar bars (cured in SO42- 3000mg/l) containing 10 
Wt.-% metakaolin was obvious at 20 oC after 18 months of cure time. Additionally, thaumasite 
was also formed in micro-cracks of mortar prisms (cure in H2SO4 1 Wt.-%) containing 10 Wt.-% 
metakaolin at 20oC after 19 months of cure time.  
Table 10.4 Mol rate of CaCO3 to Al3+ and Al(OH)4- in cement pastes containing metakaolin  
 Portland cement 
(C3A, C4AF) 
Composite cement 
(C3A, C4AF, 
Al2O3.2SiO2) 
 [CaCO3] / [Al2O3] [CaCO3] / [Al2O3] 
100 Wt.-% VPC 40 0.74 0.74 
90 Wt.-% VPC 40+10 Wt.-% HTK84 0.74 0.40 
80 Wt.-% VPC 40+20 Wt.-% HTK84 0.74 0.25 
 
The formation of thaumasite in mortar bars / prisms containing 10 Wt.-% metakaolin can be due 
to the influence of Al3+ content. Mono-carbornat content (contributing to the thaumasite 
formation) in cement paste was reduced with increasing of metakaolin content as well as Al3+ 
(see Figure 10.11 and Tables 10.3+4). Furthermore, as shown in Figure 8.6, the available Al3+ 
content from metakaolin can activate CaCO3 as a Al2O3-CaCO3 network (hemi/mono-carbonate). 
Additionally, after 18 months of the hydration process, almost portlandite can be consumed by 
pozzolanic reaction to metakaolin as seen in Table 10.1.  Thus, Al3+ from unreacted metakaolin 
can not release anymore, and as such the [CaCO3]/[Al3+] ratio increases, creating a favor of 
thaumasite formation.  
Taken together, in combination with SO42- a phase of Al2O3-SiO2-CaCO3-SO42- (together 
formation of ettringite and thaumasite, see Figure 10.10) is possible to be created.  
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10.9 Concluding remarks 
The following results were obtained: 
(1) In general, the resistance to external sulfate attack of composite cement with metakaolin is 
decreased as compared to the pure cement. The composite cement with 20 Wt.-% metakaolin 
show drastically an increased resistance to sulfate and sulfuric acid attacks as compared to 
composite cement with 10 Wt.-% metakaolin. 
(2) The destruction of mortar bars / prisms containing 10 Wt.-% Vietnamese metakaolin during 
sulfate and sulfuric acid attacks caused by the mono-sulfate/more ettringite formation.  
(3) Thaumasite can be created at 20 oC in mortars containing 10 Wt.-% metakaolin during sulfate 
and sulfuric acid attacks.  
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11. Conclusions and recommendations 
11.1 Conclusions  
The research objectives of the study were reached as  the obtained results  from  the study opened 
up a potential of producing and using the composite cement made from metakaolin in Vietnam. 
In addition, the role of experimentally pozzolanic-activity tests as well as their impact was 
identified. The results of study showed the role of residual water as well as BET surface in the 
kinetic behaviour of metakaolin and its influence on the durability and product properties. The 
following conclusion can be drawn: 
The calciantion of kaolin 
The low quality Vietnamese kaolin can be converted in to a good quality metakaolin by an 
optimal thermal treatment process. With respect to this, the heating temperature and the 
calcination duration of the optimal thermal treatment process was found. The mass loss 
determined by TGA analysis can be used to assess the complete transformation of kaolin into 
metakaolin. The testing results of Vietnamese kaolin in laboratory show that the transformation 
of kaolin into metakaolin from a minimum temperature of 600 °C is independent of calcination 
duration. However, the temperature of 500 °C at least 3 – 4 hour is required to convert kaolin 
into metakaolin. At the temperature of 800 °C lasting for 3 - 4 hour, the achieved metakaolin 
possess the highest pozzolanic reactivity as compressive strength index (CSI).  
Pozzolanic testing method 
(1) The lime consumption tested by the saturated lime method, TGA-CaO method, and mCh 
does not agree with the reference test CSI, although TGA-CaO method can be seen to be the 
most suitable method to characterise the pozzolanic activity of metakaolin and to provide the 
best agreement between metakaolin and the performance of  cement and concrete products.  
(2) BET surface has a significant impact on lime consumption evaluation tested by TGA-CaO 
method, whilst D50 shows its more dominant effect on the value of lime consumption testd by 
mCh.  
(3) The mCh method shows the highest lime consumption from the samples tested, whilst the 
saturated lime method shows the smallest value; with the TGA-CaO method resulting in a 
medium rate of consumption. 
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The properties of metakaolin 
With achieved metakaolin, a composite cement (based CEM I 42.5 R, which is also served as a 
comparison cement) with various metakaolin content (20 - 40 Wt.-%) are produced. The 
following results are drawn: 
(1) The presence of metakaolin creates an increase in water demand and mainly affects the initial 
setting time although the final setting time is slightly influenced. An increase in BET surface of 
metakaolin increased the initial setting time of cement pastes, but this influence of BET surface 
is absent in final setting time. 
(2) Depending on the results of water demand (normally smaller than 35 Wt.-%), 20 - 40 Wt.-% 
DQK53/DQK83 can be used for producing composite cement, while a solution to reduce the 
water demand is needed for producing composite cement containing more than 20 Wt.-% 
HTK54/HTK84.  
(3) The temperature strongly influences the compressive strength of metakaolin mortar on the 
early days of the hydration process, while in later days of the hydration process this influence is 
only limited.  
• At 8 °C hydration: The early strength of all composite cements after 2 days and 7 days is 
generally lower than that of the pure cement (CEM I 42.5 R). After 28 days, however, the 
composite cement show higher strength values than the pure cement. 
• At 20 °C hydration: The early strength values after 2 days are the same behaviour as 
before (8 °C hydration), i.e. a lower strength of composite cements as compared to the 
pure cement. In contrast, after 7 days composite cements show a similar strength values 
to the pure cement. After 28 days, both cement types in general are on the same level of 
strength. 
• At 40 °C hydration: The temperature rising up to 40 °C has an significant impact on the 
pozzolanic reaction of metakaolin. As a consequence, the composite cements already 
show in the early hydration stage of 2 days and 7 days a distinct higher strenght values 
than the pure cement. In fact, after 7 days the compressive strength of composite cements 
reach up to 15 N/mm² higher strength value than that of the pure cement. After 28 days, a 
comparable strength is reached for all composite cements. 
(4) Vietnamese metakaolin contribute to the increase in strength of HPM. The porosity of HPM 
seemed not to be significantly influenced by different metakaolins in comparison between 
Vietnamese metakaolins and the commercial product. 
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(5) The main purpose of this study is to determine the possibility of producing Vietnamese 
metakaolin as a replacement for other additives in the manufacture of composite cement. 
Depending on the intended use of composite cement and weather conditions of cure, each 
Vietnamese metakaolin (HTK54, HTK84, DQK53, DQK83) can be used appropriately as 
follows: 
• A composite cement with a low water demand should be combined with DQK53 or 
DQK83;  
• A high strength of composite cement is gained by using HTK84. However, in the case of 
high cure temperature (40 oC) HTK54, DQK53 and DQK83 achive a similar strength to 
HTK84;  
• A composite cement that aims to reduce CO2 emissions and to improve economics of 
cement products should added metakaolin and calcite. It is proposed that by adding HTK54 
or HTK84, it allows a reduction in 45 Wt.-% Portland cement clinker without the strength 
reduction. 
The influence of metakaolin on durability 
(1) The more metakaolin is replaced for cement, the greater resistance to ASR is gained. This is 
due to the behaviour of ion binding caused by the pozzolanic reaction of metakaolin. An amount 
of 10 Wt.-% metakaolin is enough to mitigate ASR according to the German Alkali-Guideline 
(2007) alternative method.  
(2) The presence of residual water in the structure of metakaolin is favorable for high binding 
capabilities during the first and third activity parts of pozzolanic reaction.  
(3) The main aim of this study is also to determine the possibility of using Vietnamese 
metakaolin to produce concrete resisting ASR. The results gained show that metakaolin 
calcinated at low temperature 500 oC (HTK54/DQK53) reaches a similar resistance in ASR to 
metakaolin calcinated at high temperature 800 oC (HTK84/DQK83).  
(4) In general, the resistance to external sulfate attack of composite cement with metakaolin is 
decreased as compared to the pure cement. The composite cement with 20 Wt.-% metakaolin 
show drastically an increased resistance to sulfate and sulfuric acid attacks as compared to 
composite cement with 10 Wt.-% metakaolin. 
(5) The destruction of mortar bars or mortar prisms containing Vietnamese metakaolin during 
sulfate and sulfuric acid attacks caused by the more mono-sulfate/more ettringite formation.  
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(6) The presence of thaumasite can be occurred at 20 oC in mortars containing 10 Wt.-% 
metakaolin during sulfate and sulfuric acid attacks.  
Additional results obtained 
(1) The thermal treatment of kaolin is a process of mass loss due to the removal of the H2O-/ 
H2O+/OH- groups. Thus, the factor of mass loss determined by Equation 6.1 can be used for 
determining the complete conversion of kaolin in to metakaolin.    
(2) During the calcination, because of the removal of the H2O+/OH- groups and the collapse of 
kaolinite layer structure, the mass and BET surface of calcinated kaolin tends to decrease, while 
its density tends to increase. It can be concluded that the presence of residual water as well as the 
not fully collapsed layer structure in calcinated kaolin causes an increased BET surface during 
the calcinations.   
(3) The peak of dissipation mass in TGA analysis can be used for determining the characteristic 
peaks from the residual water in kaolinite/metakaolinite. 
(4) A save indicator for complete conversion of kaolinite into metakaolinite is the absence of 
kaolinite peaks in XRD pattern. 
(5) The pozzolanic reaction of metakaolin can be divided in three activity parts as follows: 
Firstly, alkali ion consumption by new hydration phases that are created from metakaolin. 
Secondly, dissolution of Al3+/Si4+ from metakaolin. Thirdly, ion absorption of Ca2+ and alkali on 
the surface of metakaolin. 
(6) Dissolution structure occurs on metakaolin containing residual water firstly on the edges of 
particles. Whereas, metakaolin without residual water dissolves primary at the surface. 
11.2 Recommendations 
Based on the achieved results in the study, the following recommendations have been drawn: 
Additional further researches to facilitate the application of Vietnamese metakaolin 
(1) Based on the achieved results of the calcination process, two principal manufacturing 
possibilities are as the following: 
• A normal qualitative metakaolin, i.e. it is sufficient for applications in normal concretes, is 
calcinated at temperatures of 500 °C for extended calcination duration. 
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• High qualitative metakaolin, i.e. it is possible for applications in special purpose (e.g, HPC 
and UHPC), is calcinated at temperatures over 700 °C 
(2) The evaluation of pozzolanic activity for metakaolin according to Vietnamese standard (the 
saturated lime method) needs to study the duration of test time. It is concluded that hydration 
period should be long enough to achieve a constant value of lime consumption.   
(3) The capacity of binding Cl- by metakaolin needs to be investigated in order to avoid the 
deterioration of steel due to seawater coming from the long coastline of Vietnam.  
(4) The combination between metakaolin and calcite in composite cement should be conducted 
with different Porland cements (with high and low alkali contents) to find the best combination 
level. Additionally, the presence of thaumasite needs a clear explanation using different 
combination levels of metakaolin and calcite in order to resist external sulfate attack.   
(5) Metakaolinite with and without residual water needs further investigation to describe its 
amorphous status as well as its behaviour in pozzolanic reaction.  
(6) Ion binding of metakaolin is needed to study further to describe the behaviour of alkali ion. 
(7) A study of using metakaolin as SCM in HPC and UHPC should be considered.  
The application of research results in the production of metakaolin in Vietnam 
(1) It is suggested that the Vietnam International Education Development (Project 322) / 
Ministry of Education and Training of Vietnam (MOET) should transfer the results of this study 
to Vietnam Institute for Building materials / Ministry of Construction for the application of 
metakaolin. However, the companies that use the results of the study should be agreed by 
F.A.Finger- Institute for Building Materials Science (FIB).  
(2) The manufacture of metakaolin should be combined with the production of cement because 
the waste heat from the manufacturing process of cement can be used for the production of 
metakaolin. Moreover, it is convenient for composite cement production if transport is limitted. 
It should be avoided that many mining companies produce metakaolin and sell it to cement 
manufacturing companies. This would lead to increase the applicability between cement and 
metakaolin because of lower production variability. 
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13. Appendix 
13.1 The quality of kaolin 
 
Table 13.1 The quality of some kaolin in the world 
Chemical [Wt.-%] 
  
  SiO2 Al2O3 Fe2O3 SO3 TiO2 CaO MgO K2O Na2O P2O5 Cl- LOI Minerals 
Denmark 
kaolin 
[50] 
46 35 1.01 + 0.05 0.06 0.27 1.62 0.06 0.12 + 12 
Kaolinite 
Mica 
Quartz 
Microcline 
Greece 
kaolin 
[38] 
39-
73 
18-
35 0.6 
2-
10 + 
0.36
-
0.54 
0.03
-
0.06 
0.8-
2.51 + + + 
8-
22 
Kaolinite 
Alunite 
Quartz 
Illite 
France 
kaolin 
[65, 37] 
43-
49 
34-
37 
0.79-
1.36 + 
0.1-
3.54 
0.01
-
0.07 
0.08
-0.2 
0.04
-
1.45 
0.01 
0.07
-
0.11 
+ 
13-
16 
Kaolinite 
Anatase 
Iron oxide 
Quartz 
UK kaolin 
[37] 48 36 0.71 + 0.05 - 0.26 1.76 0.05 + + 13 
Kaolinite 
Muscovite 
Quartz 
Hungary 
kaolin 
[109] 
47 34 3.1 + 0.06 0.53 0.71 0.35 0.16 + + 15 
Kaolinite 
Feldspar 
Quartz 
USA 
kaolin 
[51, 31] 
52 43-45 
0.25-
0.06 0 
1.64
-
4.21 
0-
0.05 0 
0-
0.16 
0-
0.21 
0-
0.01 0 
0.5
1 
Kaolinite  
Quartz 
Anatase  
Turkey 
kaolin 
[83] 
55-
67 
22-
32 
0.3-
2.7 - 
0.1-
1.2 
0.1-
0.2 
0.1-
0.7 
0.1-
2.5 0.1 
0.1-
0.2 + 
8-
11 
Kaolinite 
Quartz 
Alunite 
Tridymite 
Halloysite 
Tunisian 
[67] 
58-
63 
16-
29 
1.89-
8.02 
0.0
5-
1.0
3 
+ 
0.27
-
2.15 
0.24
-
2.38 
1.28
-
2.71 
0.03-
0.18 + + + 
Kaolinite 
Quartz 
Anatase 
Montmorill
onite 
Muscovite 
Albite 
Illite 
Calcite 
Haematite 
Dolomite 
- inappreciable content. + no information 
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Table 13.2 Deposit and quality of Vietnamese kaolin 
Mines of kaolin Deposit, million ton 
Chemical Compositions, % 
wt 
Current capacity of 
manufacturing 
technology 
Quang Ninh 
[28,264, 265] 
- mineral resource: 150 
- sound deposit: 15.375 
(Tan Mai) 
 
SiO2                        
Al2O3                        
Fe2O3                        
TiO2                        
CaO                        
MgO                        
K2O                        
Na2O   
P2O5 
LOI 
43.88-47.81 
34.60-37.43 
0.18-0.74 
0-0.03 
0.21-0.76 
0-0.15 
0.05-0.10 
0.03-0.16 
0.09 
12.51 
 
Phu Tho* 
(Thach Khoan, Huu 
Khanh) 
[266, 265] 
- mineral resource: 16.8 
- sound deposit: 3.2 (Thach Khoan) 
SiO2                        
Al2O3                        
Fe2O3  
LOI                       
47.5 - 76.1 
22.9 - 35.8 
0.11 - 2.9 
9.81 
35.000 ton/year 
Yen Bai* 
[267] 
sound deposit: 1.1 – 1.5 (Yenbai, 
Tanthinh,Trucbinh, Langcan) 
Al2O3                      
Fe2O3 
29-34 
0.8-4.2 
20.000 ton/year 
Vinh Phuc 
[268] 
mineral resource: 4.025 SiO2                        
Al2O3                        
Fe2O3  
LOI                       
42-83 
10-25 
0.8-8 
6-8 
 
Thai Nguyen 
[269] 
mineral resource: 20 million cubic 
meters 
   
Hai Duong 
[270] 
sound deposit: 0.38 (Chi Linh 
palce), 10.04 (Phao Son and Minh 
Tan) 
   
Lam Dong (Prenn, 
Trai Mat) 
[271, 272] 
- mineral resource: 520 
- sound deposit: 4-6 (Trai Mat), 5-7 
(Prenn) 
SiO2                        
Al2O3                        
Fe2O3  
LOI                       
22.8 - 65 
18 - 49 
0.5 - 7.9 
0.16 - 22.5 
 
Thua Thien Hue* 
[273] 
 SiO2                        
Al2O3                        
Fe2O3                        
TiO2                                                
MgO                        
K2O                        
Na2O                        
LOI  
46.65-73.05 
15.27-34.75 
0.07-10.56 
0.03-0.66 
0.04-1.03 
1.66-4.11 
3.31-5.63 
11.88 
7.000 ton/year  
Binh Duong* (Đat 
Cuoc, Chanh Luu, 
Binh Hoa) 
[28, 274] 
- mineral resource: 300-320 
- sound deposit: 6 (Chanh Luu) 
   
Binh Dinh 
[28, 275] 
- mineral resource: 37 million cubic 
meters 
- sound deposit: 10.1 (Long My) 
   
Quang Binh 
[276] 
- mineral resource: 30.4  
- sound deposit: 18.825 (Bac Ly) 
SiO2                        
Al2O3                        
Fe2O3  
TiO2                       
74.55 
17-19 
1.5 
0.4 
 
* The Vietnamese Ministry of Industry has promulgated the plan for 110.000 ton kaolin/year capacity of manufacturing technology that will be 
invested in 2010-2012 in Thua Thien Hue, Phu Tho, Yen Bai, and Binh Duong.  
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13.2 Calculation for the Equations 4.3-4 
 
Cement (PCo) Metakaolin (MKo)     
The dry mixture, blended paste, MBP     
↓ mixing     
Cement (PCo) Metakaolin (MKo) H2O (H)    
↓ curing      
Cement (PCo) Metakaolin (MKo) H2O (H) 1000 oC→ PC1000 MK1000 
The wet mixture (Mo) TGA M1000 
                                   
Definitions: 
FLPC/FLBP  free lime content in the cement paste/blended paste [mg/g] 
Mo/M1000  the mass of samples at a beginning temperature/1000oC during TG analysis 
[mg]/[g] 
MCO2  mass loss of CO2 content from CaCO3 [g]. MCO2 = 0.01Mox*. Where x* is 
mass loss of CO2 [Wt.-%], x* was determined like x factor.  
x  mass loss of water content from Ca(OH)2 [Wt.-%].  
y  the mass loss of metakaolin at 1000 oC during TG analysis [Wt.-%] 
α the mass rate of metakaolin replaced for cement.  
MBP  the mass of blended paste  
 
In the dry mixture: 
MBP = PCo + MKo  
PCo = (1-α)MBP 
MKo = αMBP 
  
In the wet mixture: 
Mo = PCo + MKo + H 
 
After TG analysis: 
PCo = PC1000 + MCO2 
MKo = MK1000 + MKo(y/100) 
M1000  = PC1000 + MK1000  
 
Calculation of MBP: 
M1000  = PC1000 + MK1000  
= (PCo - MCO2) + [MKo – MKo(y/100)]  
= (PCo - MCO2) + MKo(1-y/100) 
= (1-α)MBP - MCO2 + αMBP(1-y/100)  
 
=> MBP = 
100
.1
21000
y
MM CO
α
−
+
 
Free lime content: 
Ca(OH)2 → CaOfree  + H2O 
  56 18 
  56Mox/1800 Mox/100 
 
 FLPC = CaOfree / PCo = )(1800
56
21000 CO
o
MM
xM
+
   (with α = 0) 
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 FLBP = CaOfree / MBP = )(1800
)
100
.1(56
21000 CO
o
MM
y
xM
+
−
α
                (in this study: α = 0.1 – 0.4) 
Calculation of x:  
80
85
90
95
100
0 200 400 600 800 1000
Temperature (x) [oC]
M
as
s 
lo
ss
 
(y)
 
[%
]
x1, y1
x2, y2
x3, y3 x4, y4
x50
y1-50
y2-50
line1
line2
line3
 
Figure 13.2 The calculation x as [189] and [190]. 
 
Line 1: 
 y1 = ax1 + b 
 y2 = ax2 + b 
 b = (x1y2 + x2y1)/( x1 + x2) 
 a = {[(x1y2 + x2y1)/( x1 + x2)] – y1}x1 
Line 2: 
 y3 = cx3 + d 
 y4 = cx4 + d 
 d = (x3y4 + x4y3)/( x3 + x4) 
 c = {[(x3y4 + x4y3)/( x3 + x4)] – y3}x3 
Line 3: 
x50 = 0.5(x2 + x3) 
y150 = ax50 + b 
y250 = cx50 + d 
The value of x:  
x = y150 – y250 
 
 
 
13.3 An overview of extraction for Vietnamese kaolin from raw material  
 
 
 
Figure 12.1 extraction for Vietnamese kaolin from raw material 
 
 
Raw 
materials 
mixed, kept in  
septic tank 
soak mixed agitated, sand 
separated 
raw 
sand 
mediate tank hydraulic power-system 
separating particles 
cistern-
system 
demagnetization 
mud 
tank 
frame filter-press system of indirect 
drying by hot air 
DQK and HTK are baled in 10kg 
bags. Kaolin coagulum have: size 
≤10cm, humidity < 3 M.%. 
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13.4  Particle size distribution of calcinated kaolin  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13.3 Particle size distribution of calcinated HTK kaolin 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13.4 Particle size distribution of calcinated DQK kaolin 
Vergleich der Anteile in den Kornklassen  
 
Almost date points of calcinated 
kaolin > that of kaolin at 100µ 
Almost date points 
of calcinated 
kaolin < that of 
kaolin at 4µ 
Vergleich der Durchgangskennlinien  
 
Almost date points of calcinated 
kaolin > that of kaolin at 100µ 
Almost date points 
of calcinated 
kaolin < that of 
kaolin at 4µ 
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13.5 Strength development  
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Figure 13.5. Strength development of mortars (form 40×40×160 mm3, CEM I 42.5 N:metakaolin = 
100:0 / 80:20 / 70:30 /60:40 Wt.-%, binder:sand = 1:3, w/b of 0.6, in water at 8-40 oC, the control 
CEM I 42.5 N) 
 
 
13.6 Expansion of mortar barsfor ASR 
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Figure 13.6. The expansion of mortar bars (CEM I 32.5 R:metakaolin=100:0/90:10/80:20Wt.-%, 
Binder:reactive quartz:solution=1:3:0.5, Water:NaOH:K2SO4=1:0.031:0.017, 100%RH, 70oC) 
 
 
